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FOREWORD 

 
 

This document is the Integrated Summary Report (ISR) of the Validation of two binding assays using 
human recombinant estrogen receptor alpha (hrERα). This project was proposed in 2008 by the US for 
identifying chemicals that can compete with endogenous estrogens for ER binding. 
 
A draft Performance-Based Test Guideline (PBTG) for human recombinant ER binding assays and the 
associated ISR were circulated for a first commenting round of the National Coordinators for the Test 
Guidelines Programme (WNT) in September – November 2014. The draft Test Guideline was discussed 
and revised at the meeting of the Validation Management Group for Non-Animal testing (VMG-NA). An 
additional Appendix, Appendix N, providing data supporting the assessment of reliability and accuracy of 
the two hrERα binding assays in the validation studies, was added to the ISR following the development 
of the Performance Standards associated to the PBTG. A second commenting round took place in 
December 2014 – February 2015, after the meeting of the VMG-NA. There was no comment on the 
Integrated Summary Report, which was endorsed by the WNT. The Test Guideline was adopted by the 
OECD Council in July 2015, as TG 493. 
 
The present document was endorsed by the WNT in April 2015, declassified and published under the 
responsibility of the Joint Meeting of the Chemicals Committee and the Working Party on Chemicals, 
Pesticides, and Biotechnology on 10 July 2015.  
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Executive Summary 
 
1. This Integrated Summary Report (ISR) summarizes, in a single document, the 
results from an international multi-laboratory validation study conducted for two in vitro 
estrogen receptor (ER) binding assays. These assays both use human recombinant 
estrogen receptor, alpha subtype (hrERα), to identify chemicals that may impact 
estrogen signaling through binding to the ER.  The purpose of the ISR is to support the 
peer review of the findings obtained during the validation process.  
The two assays evaluated during this validation process are: 
 The Freyberger-Wilson Assay (FW) using a full length human ER, and 
 The Chemical Evaluation and Research Institute (CERI) Assay using a ligand-

binding domain of the human ER. 
 
2. The two assays are mechanistically and functionally similar in that each 
measures the ability of a test chemical to competitively inhibit binding of [3H]17β-
estradiol to the human recombinant ERα.  The essential elements of the FW and the 
CERI assays were developed at the laboratories of Bayer Pharma AG, Wuppertal, 
Germany (Freyberger et al., 2010) and CERI, Tokyo, Japan (Akahori et al., 2008), 
respectively. 
 
3. The ER competitive binding assay has long been in use, and is a well 
characterized approach, but historically uses rodent or other animal tissues as a source 
of the ER. Validation of the FW and CERI assays using human recombinant estrogen 
receptors (α subtype) will provide an updated alternative for these tests, which does not 
require the use of animals as the source of ER and also permits a higher through-put 
capability. 
 
4. The U.S. EPA served as the lead for an international validation study using two 
optimized protocols for the CERI and FW hrER binding assays. The assays each 
contain the following two major components:  1) saturation binding and 2) competitive 
binding.  Saturation binding is important because it confirms the specificity and activity 
of the receptor preparations.  The competitive binding experiment is used to evaluate 
the ability of a test compound to bind to hrER and is the key component of the assay.  
Transferability and reproducibility of the optimized test methods were successfully 
demonstrated by having a total of six laboratories for the FW assay and five for the 
CERI assay participate in the validation study.  Overall, a total of 29 compounds were 
tested in both assays which included three control chemicals, nine uncoded chemicals 
and 17 coded chemicals across 3 subtasks.   
 
5. In subtask 1, all the laboratories demonstrated basic proficiency when conducting 
each of the two assays using three control chemicals (i.e., reference estrogen [17β-
estradiol], weak binder [norethynodrel], and non-binder [di-n-butyl phthalate]).  Testing 
of nine uncoded test compounds in subtask 2 resulted in 100% of the average 
classifications of binder vs. non-binder being in agreement with the expected results 
using either the CERI or FW assay.  An evaluation of individual laboratory performance 
when using the CERI assay demonstrated that four of the five laboratories each 
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correctly identified all of the expected binders vs. non-binders.  One of the five 
laboratories had equivocal classifications for four of the nine chemicals (three expected 
binders and 1 non-binder).  Using the FW assay, five of the six laboratories correctly 
classified all nine chemicals.  The same laboratory that had difficulty with the CERI 
assay was also unable to submit acceptable data for two of the test chemicals when 
using the FW assay, which suggests a laboratory specific issue rather than an assay 
specific problem.  
 
6. In subtask 3, fourteen coded compounds were evaluated.  Overall, the average 
classifications for all compounds were in good agreement with the expected results 
using either assay.  Twelve of the fourteen compounds tested using the CERI assays 
were correctly classified based on the average classification, and thirteen of the 
fourteen using the FW. The differences were due to equivocal classifications for DBP 
and heptylphenol in the CERI assay, and DBP in the FW assay. Closer inspection 
revealed that the equivocal classifications primarily centered on solubility issues when 
attempting to test DBP up to 1 mM maximal concentration (rather than 100 µM when 
this chemical was used as the non-binder control), and/or the inability to test weak 
binders such as heptylphenol to high enough concentrations to produce a full binding 
curve due to chemical solubility limitations.  
 
7. In subtask 4, seven additional coded weak binders and non-binders were tested 
by two of the laboratories.  This task was undertaken to identify potential alternate 
chemicals for controls (i.e., weak binders and non-binders).  Both laboratories correctly 
classified each of the weak binders and non-binders when testing in both the CERI and 
FW assays. While there were solubility issues with some of these compounds, it did not 
interfere with the ability to classify weak binders.  Norethindrone was selected as the 
best alternate weak binder, and octyltriethoxysilane appeared to be the most promising 
as an alternate negative control for DBP. 
 
8. These hrER binding assays are designed to identify chemicals that have the 
potential to impact the estrogen signaling pathway.  The overall goal of this validation 
study was to demonstrate the ability of each of the two assays to reliably and 
reproducibly classify the test chemicals as binders or non-binders.  Laboratories had 
little trouble with the binders that produced a full binding curve when using either the 
CERI or FW assays.  As is typical with all ER competitive binding assays, the weak 
binders proved to be more challenging.  However, results from both the FW and CERI 
assays were consistent and in agreement with expected classifications even though 
there were differences in the form of the hrER (i.e., full length ER for FW assay versus 
an ER ligand binding domain for CERI assay) and subtle differences in the protocols for 
conducting each assay. Further, the reproducibility and accuracy for classification of 
chemicals as potential ER binders and non-binders using the FW and CERI hrER 
binding assays are comparable to that of the U.S.EPA’s existing ER binding test 
guideline OPPTS 890.1250, while providing an improved, higher throughput method 
that does not require animal tissue as the source of receptor.  
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I. Introduction 
 
9. This Integrated Summary Report (ISR) summarizes, in a single document, the 
results from validation studies conducted for two in vitro estrogen receptor (ER) binding 
assays. These assays use human recombinant estrogen receptor alpha subtype 
(hrERα) to identify chemicals that may affect the endocrine system by binding to the ER.  
The purpose of the ISR is to support the peer review of the findings obtained during the 
validation process. 
 
10. The two assays evaluated during this validation process are: 
 
 The Freyberger-Wilson Assay (FW) using a full length human ER, and 
 The Chemical Evaluation and Research Institute (CERI) Assay using a ligand-

binding domain of the human ER. 
 
11. The two assays are mechanistically and functionally similar in that each 
measures the ability of a test chemical to competitively inhibit binding of [3H]17β-
estradiol to the ER.  The essential elements of the FW and the CERI assays were 
developed at the laboratories of Bayer Pharma AG, Wuppertal, Germany (Freyberger et 
al., 2010) and CERI, Tokyo, Japan (Akahori et al., 2008), respectively. 
 
 
A. Purpose of the Assays 
 
12. ER binding assays are designed to identify chemicals that have the potential to 
disrupt the estrogen hormone pathway, and have been used extensively during the past 
two decades to characterize ER tissue distribution as well as to identify ER 
agonists/antagonists. These assays reflect the ligand-receptor interaction which is the 
initial step of the estrogen signaling pathway and essential for reproduction function in 
all vertebrates.  Inappropriate ER signaling can lead to effects such as increased risk of 
hormone dependent cancer, impaired fertility, as well as abnormal fetal growth and 
development  (Diamanti-Kandarakis et al., 2009). Historically, in vitro ER binding assays 
have proven to be a valuable, relatively simple tool, for rapidly identifying chemicals that 
can compete with endogenous estrogen for ER binding.  The practical use of these 
assays and their relevance to in vivo effects is well documented in the scientific 
literature (ICCVAM, 1997).   
 
13. Validated hrER binding assays will provide an updated alternative to binding 
assays that historically use rodent or other animal tissues as a source of the ER (e.g. 
USEPA’s current test guideline for an ER binding assay, OPPTS 890.1250 (USEPA, 
2009b), uses rat uterine cytosol (RUC) as source of receptor).  An impetus for the FW 
and CERI assay validation efforts was to provide a test guideline that utilizes human 
recombinant ER (alpha subtype) as opposed to animal tissue as the source of receptor, 
and to permit a higher through-put capability. In addition, the validation of these two 
hrER binding assays will likely facilitate the development of assays for ERβ; thus, 
allowing for a more systematic evaluation of the two ER subtypes that modulate some 
aspects of tissue specific effects of ER signaling (Gustafsson, 1999; Kuiper et al., 1997). 
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14. It is anticipated that validation of the FW and CERI assays will potentially lead to 
the development of a performance-based test guideline for ER binding assays, in 
collaboration with the OECD (see section I.B). 
 
B. Potential Uses of the Assay 
 
15. This assay, once validated, can be used as a screen or can be further developed 
for use in modeling activities. The Organisation for Economic Co-operation and 
Development (OECD) member groups involved in this validation have different needs 
for this assay. For example, the US EPA’s Endocrine Disruptor Screening Program 
(EDSP) intends to use the hrERα competitive binding assay only to evaluate the 
potential of a test compound to interact with the endocrine system. The EDSP is less 
concerned with proving that the interaction is, specifically, one-site competitive binding, 
or with accurately characterizing the strength of the binding. Nevertheless, a certain 
amount of quantitative analysis is necessary to ensure that the assay has been run 
correctly, and to aid in classifying a test compound as positive for binding, negative, or 
equivocal. 
 
16. Other OECD member groups can develop this assay for other purposes, for 
example, for the pre-screening of hormonal activity of chemicals and the study of the 
structural requirements of both chemical and receptor structures for their interactions 
(i.e. SAR research). The Japanese group at CERI, one of the OECD member groups 
involved in this validation, has described this type of work (Akahori Y. et al., 2005). 
 
C. OECD Test Guidelines 
17. Upon full validation, the Organisation for Economic Co-operation and 
Development (OECD) will likely further develop both hrERα binding assays into a 
performance based test guideline for evaluating chemicals for endocrine disruption.  
The OECD established the Endocrine Disrupters Testing and Assessment (EDTA) Task 
Force in 1998 within its Test Guidelines Programme and charged it with developing an 
internationally harmonized testing strategy for the screening and testing of endocrine 
disrupting chemicals.  OECD published a Guidance Document on Standardised Test 
Guidelines for Evaluating Chemicals for Endocrine Disruption (“Guidance Document 
150”, (OECD, 2012)), which includes a revised Conceptual Framework for Testing and 
Assessment of Endocrine Disrupters.  The Conceptual Framework is not a testing 
program per se but instead a classification of various assays that might be used in 
testing programs which regulatory bodies might construct.  The Framework classifies 
ER binding affinity assays as “In vitro assays providing data about selected endocrine 
mechanism(s) / pathway(s)”.  The Guidance Document notes that human ERα receptor 
prepared as a recombinant protein is now available and would be suitable replacement 
for the use of rat uterine cytosol when successful validation has been completed. 
 
18. The validation of the hrERα binding assays described in this ISR was managed 
under the auspices of the OECD, through its EDTA, Validation Management Group - 
Non-Animal (VMG-NA) workgroup.  Scientists representing OECD member countries 
actively collaborate through the VMG-NA to develop and validate internationally 
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harmonized studies and approaches for the testing and assessment of endocrine 
disruptors. 
 
19. Further information about the OECD’s Test Guidelines Programme and 
Endocrine Disrupters can be found at 
http://www.oecd.org/chemicalsafety/testingofchemicals/. 
 
 
II. Validation Process 
 
A. Definitions 
 
20. Validation has been defined as “the process by which the reliability and 
relevance of a procedure are established for a particular purpose” (OECD, 2009): 
 
 Reliability is the reproducibility of results from an assay within and between 

laboratories. 
 Relevance describes whether a test is meaningful and useful for a particular purpose.  

Relevance is here defined as the ability of an assay to detect chemicals with the 
potential to interact with the endocrine system. 

 
 
 
B. Criteria 
 
21. Criteria for the validation of alternative in vitro test methods developed to reduce, 
refine and/or replace animal tests, in whole or in part, have generally been agreed upon 
in the United States by ICCVAM, in Europe by the European Centre for the Validation of 
Alternative Methods (ECVAM), and internationally by the Organisation for Economic Co-
Operation and Development (OECD).  These criteria, as stated by ICCVAM (ICCVAM, 
1997), provide general guidance for test method validation and are as follows: 
 

1. The scientific and regulatory rationale for the test method, including a clear 
statement of its proposed use, should be available. 

2. The relationship of the endpoints determined by the test method to the in vivo 
biologic effect and toxicity of interest must be addressed. 

3. A formal detailed protocol must be provided and must be available in the public 
domain.  It should be sufficiently detailed to enable the user to adhere to it and 
should include data analysis and decision criteria. 

4. Within-test, intra-laboratory and inter-laboratory variability and how these 
parameters vary with time should have been evaluated. 

5. The test method’s performance must have been demonstrated using a series of 
reference chemicals preferably coded to exclude bias.  

6. Sufficient data should be provided to permit a comparison of the performance of a 
proposed substitute test to that of the test it is designed to replace. 

7. The limitations of the test method must be described (e.g., metabolic capability). 
[Comparative strengths of the method should also be listed]. 

8. The data should be obtained in accordance with Good Laboratory Practices. 

http://www.oecd.org/chemicalsafety/testingofchemicals/
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9. All data supporting the assessment of the validity of the test methods including 
detailed protocols and the full data set collected during the validation studies must 
be made publicly available.  Methodology and results should be subjected to 
independent scientific review and preferably published in an independent, peer-
reviewed publication. 

 
C. Validation Study 
 
22. Both the FW and CERI hrERα binding assays were submitted to the OECD, 
EDTA, Validation Management Group- Non Animal (VMG-NA) as candidates for 
validation.  While the assays are mechanistically and functionally similar in that each 
measures the ability of a test chemical to competitively inhibit binding of [3H]17-β-
estradiol to the ER, there are subtle differences between the assays (e.g., full length 
receptor versus binding domain of the hrER, and specific variations in the procedure for 
conducting each assay).  Thus, the VMG-NA recommended that both assays be 
validated concurrently to better understand any potential impact on assay performance 
that could be attributed to the more subtle differences in the assays. 
 
23. An international (U.S.A., Japan, Europe) Study Management Team (SMT) was 
established to provide technical and scientific support for the validation process. This 
group was comprised of scientists from the laboratories that developed the FW (Bayer 
Pharma and U.S. EPA) and CERI hrER assays, as well as representatives from an 
ECVAM funded European laboratory, and the ECVAM, some who were also members 
of the VMG-NA with expertise in ER binding assays.  Under the SMT’s guidance, the 
protocol for each assay was further optimized by the respective lead laboratories (Bayer 
Pharma and CERI).  With the development of the final protocols, an inter-laboratory 
validation study was initiated. The U.S. EPA served as the lead for the validation effort 
by coordinating all aspects of the inter-laboratory validation study. The OECD was 
updated annually on the progress of the validation study through its EDTA, VMG-NA 
workgroup. 
 
24. Six laboratories participated in the inter-laboratory validation of the FW Assay.  
The same laboratories minus one (which did not have funding to continue their 
participation in the validation study) were involved in the validation of the CERI assay. 
 
25. For each assay (FW and CERI), the laboratories performed two major tasks 
(Table 2) as follows: 
 
Table 2. Objectives, Inter-laboratory Validation Study. 

Task I.  Saturation Binding 

Subtask 0 Demonstrate laboratory proficiency for conducting hrER saturation binding and confirm 
concentration of active receptor. 

Task II.  Competitive Binding 

Subtask 1 Demonstrate basic laboratory proficiency for conducting competitive binding study using 
three control chemicals (reference estrogen, weak binder, and non-binder). 
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Subtask 2 Demonstrate advanced laboratory proficiency using nine uncoded chemicals 
representing a range of binding affinities for the ER. 

Subtask 3 Demonstrate accuracy of the assay when classifying 14 coded chemicals, representing 
a range of binding affinities for the ER, as binder, non-binder, or equivocal. 

 
Subtask 4 

Optional.   Classify 7 additional test chemicals (provided as 16 coded samples) to 
evaluate as potential alternatives for controls (weak binders and non-binders).  
   

D. Selection of Laboratories 
 
26. The lead laboratories, Bayer Pharma AG (Germany; FW assay) and CERI 
(Tokyo, Japan; CERI assay) who developed and optimized the protocols for their 
respective assays, also volunteered to participate in the inter-laboratory validation study, 
performing both their own assay and each other’s assay (Table 3). 
 
27. The European Centre for the Validation of Alternative Methods (ECVAM) 
provided funding for a European laboratory to participate in the validation of the FW 
assay and awarded the contract to the University of Konstanz (U.Konstanz).  The U. 
Konstanz group did not have experience with the FW assay, and consulted with the 
developers and the SMT during the conduct of the study. 
 
28. The U.S. EPA contracted with three independent laboratories to participate in the 
validation of each assay.  The same three contract laboratories performed each of the 
two assays.  The contract laboratories were required to have experience running 
receptor binding assays in a 96-well-plate format, but were not required to have 
experience with ER assays specifically.  Laboratories that had participated in a previous 
inter-laboratory validation of the U.S.EPA’s estrogen and androgen receptor binding 
assays using rat uterine cytosol and rat prostate cytosol, respectively, were excluded 
from consideration to minimize any inadvertent biases that may have been introduced 
during the earlier effort.  None of the participating contract laboratories had prior 
experience with either of the two human recombinant ER assays being validated.  
These laboratories were not permitted to consult the developers of the assays or each 
other during the validation study. 
 
Table 3. Participants in the validation study.  

Laboratory Study Director FW 
Assay 

CERI 
Assay 

CERI1 Dr. Yumi Akahori, Chemicals Evaluation and 
Research Institute, Tokyo, Japan     

Bayer 2 Dr. Alexius Freyberger, Bayer HealthCare, Bayer 
Pharma AG, Wuppertal, Germany     

U. Konstanz3 Dr. Daniel Dietrich, University of Konstanz, 
Konstanz, Germany   - 

CeeTox Dr. Jeff Pregenzer, CeeTox, Kalamazoo, MI, 
USA     

U. Missouri Dr. Wade Welshons, University of Missouri-
Columbia, Columbia, MO, USA     

Lovelace  Dr. JeanClare Seagrove, Lovelace Respiratory 
Research Institute, Albuquerque, NM, USA     

1Laboratory referred to as “JapanCERI’ in some of the data analysis reports in the Appendixes.  
2Laboratory referred to as ‘Freyberger’ in some of the data analysis reports in the Appendixes. 
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3Laboratory referred to as ‘Dietrich” in some of the data analysis reports in the Appendixes. 
 
E. Selection of Test Chemicals 
 
29. An initial list of candidate test chemicals for the inter-laboratory validation study 
was prepared by the SMT with input from the VMG-NA workgroup.  Chemicals were 
selected to represent multiple chemical classes and a range of potencies commonly 
associated with ER agonist activity, and had been classified as binders or non-binders 
based upon strong historical documentation in published literature as tabulated in the 
Background Review Document (BRD) for ER Binding and Test Methods (ICCVAM, 
2006, 2003, 2002a, b).  Additional demonstrations of concordance among in vitro ER 
binding and transactivation assays, and in vivo uterotrophic assays (Takeyoshi, 2006; 
Yamasaki et al., 2004; Kanno et al., 2003b; Kanno et al., 2003a; Kanno et al., 2001; 
Hartman et al., 1983) also supported the respective chemical classifications. 
 
Table 4. Members of the Chemical Advisory Board 
Name Affiliation Nominated by 

Dr. Taisen Iguchi 
Okazaki Institute for Integrative 
Bioscience, National Institute for 
Basic Biology, Japan 

CERI  

Dr. William Kelce Pozen Inc.,  
Chapel Hill, NC, USA U.S. EPA 

Dr. Weida Tong 

National Center for Toxicological 
Research, U.S. Food and Drug 
Administration, 
Little Rock, AR,  USA  

ECVAM 

 
30. Following the recommendation by the VMG-NA, a Chemical Advisory Board 
(CAB), whose members were not directly associated with the validation study, was 
selected and asked to review the list of proposed chemicals for subtasks 1, 2 and 3.  
The CAB accepted the chemicals for subtasks 1 and 2 as appropriate, but 
recommended the following changes to the original list of chemicals for subtask 3 
(Appendix D): 
 

• For subtask 3, the CAB suggested that more weight be placed on chemicals with 
weak or no binding activity to better assess assay performance in terms of 
specificity, sensitivity and accuracy.  Specifically the CAS suggested removing 
estrone (a strong binder) and adding enterolactone and benz(a)anthracene 1 
(weak binders) and atrazine (a negative, i.e., non binder). 

 
31. The chemicals recommended by the Chemical Advisory Board and used in the 
inter-laboratory validation study are listed in Table 5.  

                                            
1 During the validation study, benz(a)anthracene was reclassified as a non-binder (i.e., negative) based 
on published literature demonstrating that the in vitro estrogenic activity reported for this chemical 
(Kummer et al., Tox Letters, 2008) is primarily dependent upon its metabolic activation (Gozgit et al., 
2004; Santodonato, 1997).  Enzymatic metabolic activation of the chemical would not be anticipated in 
the cell free hrER assays as used in this validation study. Thus, the expected classification for this 
chemical is a ‘non-binder’ when used under the experimental conditions for the FW and CERI assays.  
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Table 5. Chemicals used in the inter-laboratory validation study. 
Subtask 1 

(controls, uncoded) 

Test chemical CAS #d Expected binding 
affinity† 

Expected 
Classification 
FW and CERI 

assays 
17β-Estradiol            50-28-2  Strong Binder 
Norethynodrel 68-23-5 Moderate Binder 
Di-n-butyl phthalate  (DBP) 84-74-2 Negative Non-binder 

Subtask 2 
(uncoded chemicals) 

*17β-Estradiol  50-28-2 Strong Binder 
*Norethynodrel  68-23-5 Moderate Binder 
* Di-n-butyl phthalate  (DBP) 84-74-2 Negative Non-binder 
Diethylstilbestrol (DES) 56-53-1 Very strong Binder 
17α-ethynyl estradiol  57-63-6 Very strong Binder 
Meso-Hexestrol   84-16-2 Strong Binder 
Genistein 446-72-0 Moderate Binder 
Equol  531-95-3 Moderate Binder 
Butyl paraben (n-butyl-4-
hydroxybenzoate) 

94-26-8 Weak Binder 

Nonylphenol (mixture) 84852-15-3 Weak Binder 
o,p’-DDTa 789-02-6 Weak Binder 
Corticosterone 50-22-6 Negative Non-binder 

Subtask 3 
(coded chemicals) 

*^17β-Estradiol  50-28-2 Strong Binder 
*^Norethynodrel 68-23-5 Moderate Binder 
*  ̂Di-n-butyl phthalate (DBP) 84-74-2 Negative Non-binder 
Zearalenone  17924-92-4 Strong Binder 
Tamoxifen  10540-29-1 Strong Binder 
5α-dihydrotestosteroneb  521-18-6 Weak Binder 
Bisphenol A  80-05-7 Weak Binder 
4-n-heptylphenol  1987-50-4 Weak Binder 
Kepone (Chlordecone) 143-50-0 Weak Binder 
Benz(a)anthracene 56-55-3 Weak Non-binder1 

Enterolactone 78473-71-9 Weak Binder 
Progesterone  57-83-0 Negative Non-binder 
Octyltriethoxysilane  2943-75-1 Negative Non-binder 
Atrazine 1912-24-9 Negative Non-binder 

Subtask 4*,‡ 

(optional, coded chemicals) 
Bisphenol A  80-05-7 Weak Binder 
Genistein 446-72-0 Weak Binder 
HPTEc 2971-36-0 Weak Binder 
Norethindrone 68-22-4 Weak Binder 
Corticosterone 50-22-6 Negative Non-binder 
Dexamethasone  50-02-2   Negative Non-binder 
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Octyltriethoxysilane 
 
 
 
 
 
 

2943-75-1 Negative Non-binder 
*Controls (reference estrogen (17 β-estradiol, weak binder (norethynodrel), non-binder (DBP)) 
were used in each run, uncoded, for subtasks 1, 2, 3 and 4. 
^Controls were also submitted to the laboratories as “coded test chemicals” (subtask 3) and 
were tested up to 1mM. 
†Expected ER binding affinity as defined by the CAB for subtasks 1, 2 and 3 (Appendix D).   
‡The CAB did not review the chemicals used in subtask 4. Chemicals were approved by the 
SMT based upon strong historical documentation in published literature.  
1 Benz(a)anthracene was reclassified as a non-binder based on additional information regarding 
its in vitro ER binding activity that became available after the review of the chemical  list by the 
CAB. (See footnote 3 for additional information and references). 
ao,p’-DDT:  1,1,1,-trichloro-2-[o-chlorophenyl]-2-[p-chlorophenyl]ethane  
b5α-dihydrotestosterone:  5α-DHT or 5α-Androstan-17β-ol-3-one  
19-Norethindrone (Norethindrone)  
 cHPTE:  2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane, a metabolite of methoxychlor   
dCAS:  Chemical Abstracts Service Registry number.   
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F. Description of the Assay2 
 

1. Overview 
 
32. The key component of the hrERα binding assay measures the ability of a 
radiolabeled ligand ([3H]17β-estradiol) to bind with the ER in the presence of increasing 
concentrations of a test chemical (i.e., competitor).  Test chemicals that possess a high 
affinity for the ER compete with the radiolabeled ligand at a lower concentration as 
compared with those chemicals with lower affinity for the receptor.  The utility of an ER 
binding assay for identifying chemicals that have a potential to alter ER-mediated 
molecular events has been well documented (ICCVAM, 2002a, b).  Binding of the 
natural ligand, 17β-estradiol is the initial step of a series of molecular events that 
activates the transcription of target genes and ultimately, culminates with a physiological 
change.  Thus, the assay reflects a molecular event that is necessary for the regulation 
of the estrogen signaling in living systems. 
 
33. This assay consists of two major components: a saturation binding experiment to 
characterize receptor-ligand interaction parameters, followed by a competitive binding 
experiment that characterizes the competition between a test chemical and a 
radiolabeled ligand for binding to the ER. 
 
2. Saturation Binding Experiment 
 
34. The purpose of the saturation binding experiment is to characterize a particular 
batch of receptors for binding affinity and number in preparation for the competitive 
binding experiment.  The saturation binding experiment measures, under equilibrium 
conditions, the affinity of a fixed concentration of the estrogen receptor for its natural 
ligand (represented by the dissociation constant, Kd), and the concentration of active 
receptor sites (Bmax).  In the saturation binding experiments described in the protocols 
for the FW and CERI assays, eight increasing concentrations of [3H]17β-estradiol are 
evaluated, each in the presence and absence of a defined excess concentration of 
unlabeled estradiol (17β-estradiol), with the intent of saturating the active binding sites 
with [3H]17β-estradiol at the upper concentrations.  Both total and nonspecific binding 
are measured and specific binding is calculated by subtracting non-specific from total.  
Kd and Bmax are estimated using nonlinear regression to a one-site binding model.  
Section II.F.5.a provides details of the saturation binding model and analysis. 
 
3. Competitive Binding Experiment 
 
35. The competitive binding experiment measures the affinity of a chemical (i.e., 
controls (reference estrogen, weak binder and non-binder) or test chemicals) to 
compete with [3H]17β-estradiol for binding to the ER.  The affinity is quantified by the 
concentration of test chemical that, at equilibrium, inhibits 50% of the specific binding of 
the [3H]17β-estradiol (termed the “inhibitory concentration 50%” or IC50). This can also 
be evaluated using the relative binding affinity (RBA, relative to the IC50 of estradiol 
measured separately in the same run).  The competitive binding experiment measures 

                                            
2 The term “assay” is used when describing hrERα binding assays, in general, and the term “protocol” is 
often used when describing specific directions for conducting the assay. 
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the binding of [3H]17β-estradiol at a fixed concentration in the presence of a wide range 
(eight orders of magnitude) of test chemical concentrations.  The data are then fit, 
where possible, to a form of the Hill equation (Hill, 1910) that describes the 
displacement of the radioligand by a one-site competitive binder.  The extent of 
displacement of the radiolabeled estradiol at equilibrium is used to characterize the test 
chemical as a binder, non-binder, or generating an equivocal response. 
 
4. Assay Components 
 
36. The following is a general description of the major components of the CERI and 
FW assays.  A complete version of the protocols for each assay is provided in Appendix 
J (CERI assay) and Appendix K (FW assay). 
 
a. Human Recombinant Estrogen Receptor Alpha (hrERα) 
 
37. The FW and CERI assays use different forms of human recombinant ERα. 
 
38. The FW assay uses a full length hrERα that is produced in and isolated from 
baculovirus-infected insect cells.  The isolated protein has a molecular weight of 66kDa.  
(Life Technologies, catalog number P2187) 3   Other sources of full-length human 
recombinant ER-α were acknowledged (e.g., Jena Bioscience), but resources were not 
available to examine differences between products in this validation study. Theoretically, 
any full length hrERα should perform comparably. 
 
39. The CERI assay uses a glutathione-S-transferase (GST) fusion protein 
incorporating the ligand binding domain of the hrERα.  cDNA of hrERα was isolated 
from human uterine cDNA library (Clontech) by polymerase chain reaction (PCR) using 
Pfu DNA polymerase. The ligand binding domain was amplified and ligated with 
prokaryotic expression vector pGEX-4T1. The host cell was DH5 alpha (E. coli).  Cells 
were harvested by centrifugation and disrupted by sonication.  The soluble fraction was 
treated with glutathione-Sepharose® and the GST-fused protein was adsorbed to the 
resin.  Excess free glutathione (reduced form) was added and GST-fused protein -was 
purified.  The protein used in the validation study was provided by CERI4, who have 
committed to making it commercially available upon validation of the assay. 
 
40. The concentration of active receptor varies slightly by batch and storage 
conditions.  For this reason, each assay provides a method for determining the nominal 
concentration of receptor as received from the supplier that will yield the appropriate 
concentration of active receptor at the time of the run.  For the FW assay, the nominal 
concentration of receptor that gives specific binding of 20±5% of 1 nM radioligand is 
used.  In practice, this is often approximately 0.5 nM (nominal).  For the CERI assay, 
the nominal concentration of receptor that gives specific binding of 40±10% of 0.5 nM 
radioligand is used.  In practice, this is often approximately 0.2 nM (nominal). 
  
                                            
3 At the time of the validation study, the full length hrERα (sometimes referred to as PanVera ERα in the 
Appendixes for this ISR) was obtained from Invitrogen with the same catalog number as shown above.  
Invitrogen later merged with another company to form Life Technologies (Carlsbad, California, 
http://products.invitrogen.com/ivgn/product/P2187?ICID=search-p2187).  
4 Tokyo, Japan: http://www.cerij.or.jp/ceri_en/index_e4.shtml 

http://products.invitrogen.com/ivgn/product/P2187?ICID=search-p2187
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b. Solvent 
 
41. The best solvent for the test chemical is chosen from either dimethylsulfoxide 
(DMSO) or ethanol (EtOH).  
 
42. In the FW assay the preferred solvent is ethanol, based on the concern 
expressed in the Background Review Document (BRD) that some substances, when 
dissolved in DMSO, appear to bind with lower affinity to the receptor (ICCVAM, 2002a).  
In the CERI assay the preferred solvent is DMSO. 
 
43. The same solvent used for a test chemical must also be used for the controls, 
(reference estrogen (17β-estradiol), weak binder and non-binder). 
 
44. The total volume of ethanol allowed is no more than 2% of the total assay 
volume; DMSO may not exceed 2.5%.  In the FW assay, solvent concentration is 
constant across concentrations.  In the CERI assay, solvent concentration decreases 
with test chemical concentration. During the validation study, the FW assay was 
conducted using EtOH, and the CERI assay with DMSO based on the preferences of 
the developers of the assays.   
 
c. Marker/tracer:  [3H]17β-estradiol 
 
45. Tritiated estradiol with the highest specific activity available is used as the 
marker/tracer in the assay.  [2,4,6,7,16,17-3H]17β-estradiol is commonly available and 
has a specific activity in the range of 110-170 Ci/mmol (4.07 – 6.29 TBq/mmol). 
 
d. 17β-estradiol: Reference Estrogen 
 
46. 17β-estradiol is the endogenous ligand and binds with high affinity to the 
estrogen receptor, alpha subtype. 
 
47. For saturation binding, the concentration of radioinert 17β-estradiol is 1000x the 
concentration of [3H]17β-estradiol in the FW assay, and 2000x the [3H]17β-estradiol 
concentration in the CERI assay.  The presence of radioinert 17β-estradiol allows 
measurement of non-specific binding. Incubations with and without inert 17β-estradiol 
are performed in parallel. 
 
48. For the competitive binding experiment, the displacement of [3H]17β-estradiol in 
the presence of increasing concentrations of inert estradiol establishes a standard 
reference curve whose characteristics can be compared to measures of assay 
performance to ensure that the binding assay was conducted properly. The test 
concentrations of 17β-estradiol used to establish the standard reference curve range 
from 0.01 to 1000 nM. 
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e. Norethynodrel:  Control, Weak Binder   
 
49. Norethynodrel was used as a control (e.g., weak binder) in the validation study.  
It was chosen because it was one of the weakest ER binders that produce a full binding 
curve when tested up to maximum concentration of 10-4 M in preliminary studies.  As 
with the reference estrogen, the test concentrations are distributed to describe the full 
binding curve – that is, to characterize the top, bottom, slope, and log IC50.   
 
50. Although norethynodrel was widely available at one time, there was substantial 
difficulty obtaining this chemical for the inter-laboratory validation study.  It appeared 
that this chemical might be difficult to obtain in the future.  Therefore, several chemicals 
were tested at two laboratories as potential alternative controls (e.g., weak binders) as 
part of the validation study.  These candidates were 19-norethindrone (CAS 68-22-4); 
2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloroethane (HPTE) (CAS 2971-36-0); genistein 
(CAS 446-72-0); and bisphenol A (CAS 80-05-7).  Norethindrone was selected as an 
alternate weak binder based on its ability to produce a full binding curve at similar 
concentrations to those of norethynodrel, and for consistency with the U.S. EPA’s ER 
binding assay using rat uterine cytosol (OCSPP Test Guideline 890.1250 (USEPA, 
2009b)) 
 
51. See Section IV.5 for further description of the study of alternative chemicals with 
weak ER binding capability. 
 
f. Di-n-butyl Phthalate: Control, Non-binder 
 
52. Di-n-butyl phthalate (DBP) was used as the negative control (e.g., non-binder,10-

11-    10-4 M) in the validation study for the competitive binding experiment. 
 
53. Since data from the validation study showed that DBP demonstrated some weak 
binding when tested at high concentrations (e.g., 10-3 M), three alternatives were 
examined as part of subtask 4.  Octyltriethoxysilane (2943-75-1) was chosen as a good 
alternate negative control based on its consistent performance across laboratories and 
for uniformity with the ER binding assay using rat uterine cytosol (OCSPP Test 
Guideline 890.1250 (USEPA, 2009b)) 
 
54. See Section IV.5 for further description of the study of alternative chemicals that 
are non-binders. 
 
5. Assay Conditions 
 
a. Saturation Binding 
 
55. The saturation binding experiment measures total and nonspecific binding of 
increasing concentrations of [3H]17β-estradiol in the presence of  a constant 
concentration of receptor.  The assay is conducted in 96-well plates.  Three technical 
replicates of each total binding and non-specific binding are measured at each of eight 
concentrations of [3H]17β-estradiol .  Total binding is measured by counting the 
disintegrations per minute (dpm) from samples to which only [3H]17β-estradiol was 
added (i.e., no radioinert estradiol), after unbound [3H]17β-estradiol has been removed.  
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Nonspecific binding is measured by counting the dpm from samples to which both 
radioligand and a large excess of inert estradiol have been added, with the expectation 
that the excess of inert estradiol will competitively displace the [3H]17β-estradiol from 
the available estrogen receptor binding sites leaving only the nonspecific binding sites 
available to the radioligand.  Specific binding is calculated as the difference between the 
nonspecific binding and total binding at each of the tested concentrations.  At the 
receptor concentration chosen for the assay, the highest concentrations of [3H]17β-
estradiol are expected to saturate the receptor binding sites so that increasing the 
concentration of [3H]17β-estradiol  further would not result in higher specifically-bound 
dpm counts. 
 
56. The saturation binding experiment conditions are shown in Table 6.  Separation 
of bound [3H]17β-estradiol from free is described in Section II.F.6. 
 
Table 6. Summary of conditions for saturation binding. 
  

FW Protocola CERI Protocola 

Type of receptor Full length hrERα 
Ligand-binding domain of hrERα, 
bound to glutathione-S-
transferase 

Solvent (preferred) Ethanol DMSO 

Concentration of radioligand 0.03 to 3.0 nM  
(8 concentrations) 

0.0313 to 4.0 nM  
(8 concentrations) 

Concentration of  unlabeled 17β-
estradiol in non-specific binding 
wells 

0.03 to 3.0 µM (i.e., 1000x 
concentration of [3H]-17β-
estradiol) 

0.0616 to 8.0 µM (i.e., 2000x 
concentration of [3H]-17β-
estradiol) 

Concentration of receptor 

That which binds 20±5% of 1 
nM radioligand. Frequently, a 
nominal concentration of 0.5 
nM is appropriate 

That which binds 40±10% of 0.5 
nM radioligand.  Frequently, a 
nominal concentration of 0.2 nM 
is appropriate. 

Total volume per well (at incubation) 160 μl 100 μl 
Incubation temperature 2° to 8° C Room temperature (18° to 24° C) 
Incubation time 16 to 20 hours 2 hours 

Composition 
of assay buffer 

Tris-HCl 10 mM (pH 7.5) 10 mM (pH 7.4) 
Bovine Serum 
Albumin (BSA) 10 mg/mL 10 mg/mL 

Glycerol 10% 10 % 
Leupeptin 0.2 mM 0.2 mM 
Dithiothreitol 2 mM 1 mM 
EDTA·2Na·2H2O -- 1 mM 
EGTA -- 1 mM 
Sodium 
metavanadate -- 1 mM 

aComplete descriptions of assay procedure with  serial concentrations of radioligand and inert 17β-
estradiol are available in the protocols (CERI, Appendix J and FW, Appendix K).  
 

b. Competitive Binding  
 
57. The competitive binding experiment measures the binding of [3H]17β-estradiol at 
a fixed concentration in the presence of a wide range of concentrations of a test 
chemical.  Those chemicals with a high affinity for binding to the ER will compete with 
[3H] 17β−estradiol and displace the radiolabeled ligand at a lower concentration than 
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test chemicals that exhibit a lower affinity. Data are fit to a four parameter Hill equation 
model by non-linear regression that describes the displacement of the radioligand.  The 
concentration of test chemical that, at equilibrium, inhibits 50% of the binding of [3H]17β-
estradiol (termed the “inhibitory concentration 50%” or IC50) can be used as a indication 
of potential binding affinity.  The extent of displacement of the radiolabeled estradiol at 
equilibrium is used to characterize the test chemical as a binder, non-binder, or 
generating an equivocal response.   
 
58. The assays tested in the inter-laboratory validation study require three technical 
replicates at each concentration of the test chemical in each run, and three independent 
replicate runs conducted on different days, to characterize the potential of a test 
substance to interact with the estrogen receptor. 
 
59. Three technical replicates at each concentration of the controls must be included 
with each independent run.  As described above (see Sections II.F.4.d,e, and f), these 
include reference estrogen (17β-estradiol), weak binder (norethynodrel), and a non-
binder (DBP).  In addition, a solvent control should be included on each 96-well plate.    
 
60. Conditions for the competitive binding experiment are shown in Table 7.  
Separation of bound from free radioligand is described in Section II.F.6. 
 
Table 7. Summary of conditions for competitive binding. 

 FW assaya CERI assaya 

Type of receptor Full-length hrERα Ligand-binding domain of hrERα 
Solvent (preferred) Ethanol DMSO 
Concentration of radioligand 1.0 nM 0.5 nM 

Concentration of receptor 

That which binds 20±5% of 1 
nM radioligand. Frequently, a 
nominal concentration of 0.5 
nM is appropriate. 

That which binds 40±10% of 0.5 
nM radioligand. Frequently, a 
nominal concentration of 0.2 nM 
is appropriate. 

Concentrations of test compound 100 pM to 1 mM* 
(8 concentrations, log-spaced) 

100 pM to 1 mM* 
(8 concentrations, log-spaced) 

Composition of 
assay buffer 

Tris-HCl 10 mM (pH 7.5) 10 mM (pH 7.4) 
Bovine serum 
albumin (BSA) 10 mg/mL 10 mg/mL 

Glycerol 10% 10 % 
Leupeptin 0.2 mM 0.2 mM 
Dithiothreitol 2 mM 1 mM 
EDTA·2Na·
2H2O -- 1 mM 

EGTA -- 1 mM 
Sodium 
metavanadate -- 1 mM 

Total volume per well (at 
incubation) 160 μl 100 μl 

Incubation temperature 2° to 8° C Room temperature (18° to 24 C) 
Incubation time 16 to 20 hours 2 hours 
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*Range and spacing of test compound concentrations may need to be adjusted depending on solubility 
and affinity for the receptor. 
a Complete descriptions of assay procedure with serial concentrations of radioligand and inert 17β-
estradiol are available in the protocols (CERI, Appendix J and FW, Appendix K).  
 
 
61. The test substance is initially tested at concentrations from 100 pM to 1 mM (i.e., 
10-10

 to 10-3 M), in ten-fold (i.e., logarithmic, base 10) increments.  If the test substance 
is such a strong binder that a full curve is not obtained in the default range of 
concentrations tested, additional dilutions to lower concentrations are required in 
subsequent runs so that the curve is adequately characterized. 
 
62. Ethanol or DMSO may be used as the solvent although the FW assay expresses 
a preference for ethanol and the CERI assay expresses a preference for DMSO (See 
Section II.F.4.b.).  The default concentration of ethanol in the final assay wells is 1.5% 
for FW.  The default concentration of DMSO in the CERI assay is ≤ 2.0% in the well with 
the highest solvent concentration. 
 
63. In the FW assay, stocks are usually made up at 100 mM and serially diluted in 
solvent by 10x increments.  Each of the dilutions is then further diluted in 4° C buffer to 
2x the final concentration before transferring to the test plate.  In the CERI assay, stocks 
are usually also made up at 100 mM, diluted in solvent and room-temperature buffer to 
a 10 mM intermediate stock, ≤24.5％DMSO, (usually 20％DMSO) then diluted serially in 
room-temperature buffer to 10x the final concentration before transferring to the test 
plate. Because the serial dilutions are made with buffer rather than solvent in this assay, 
the solvent concentration in the final wells also decreases. 
 

6. Separation Method 
 
64. The separation of bound from free [3H]17β-estradiol is performed identically for 
the saturation binding experiment and the competitive binding experiment.  Conditions 
are shown in Table 8. 
 
Table 8. Summary of separation and scintillation counting conditions. 

 FW assay CERI assay 

Dextran-coated 
charcoal 
concentration 

Before addition 5% w/v 0.4% w/v 

After addition 1.67% 0.2% 

Volume of dextran-coated 
charcoal suspension added to 
each well 

80 µL 100 µL 

Separation method centrifugation centrifugation  
Aliquot taken for counting 50 µL 50 µL of supernatant 
Volume of scintillation fluid used 200 µL 1000 µL 

Counting time 

20 min/plate (competitive 
binding) and 40 min/plate 
(saturation binding) after 2 hour 
delay in scintillation cocktail 

2 min/vial 

 
  



24 

7. Assay Performance 
 
65. Measures of assay performance are provided for the FW and CERI assays as a 
guide to evaluate whether or not the saturation and competitive binding components of 
the assays are functioning correctly.   These measures are shown below in Table 9, and 
are the same for each assay with the exception of the ratio of the concentrations of 
active receptors to radioligand5 (i.e., as demonstrated by the percent of specific binding 
relative to the total [3H]17β-estradiol that is to be used for the competitive binding 
experiment).  These measures can be used as a general guide for the laboratories 
when evaluating each run conducted for saturation or competitive binding. 
 
 
Table 9. Measures of assay performance for saturation and competitive 

binding. 

Saturation Binding 

1. Did the specific binding curve reach a plateau with increasing concentrations of [3H]17 
β-estradiol)? 

2. Was the ratio of specific binding to total radioligand used in the assay within the limits 
recommended for the assay? 

3. Was non-specific binding within the limits as recommended for the assay? 

4. 
When data were analyzed using the recommended non-linear regression model with a 
correction for ligand depletion, was fit for the data linear when displayed using a 
Scatchard (Rosenthal) plot? 

Competitive Binding 

1. 
Did increasing concentrations of the reference estrogen (17 β-estradiol) displace 
[3H]17β-estradiol from the hrERα in a manner consistent with a one-site competitive 
binding model? 

2. Was the IC50 for the reference estrogen consistent across multiple runs?  
 

3 Was the ratio of specific binding to total radioligand used in the assay within the 
recommended range for the assay? 

4. Did the negative control (Di-n-butyl phthalate) displace less than 25% of the [3H]17β-
estradiol? 

5.  Did comparison of solvent and buffer controls confirm that the solvent does not have 
any effect on ER binding?  

  

                                            
5 The concentration of total radioligand used for competitive binding differed for each of the assays (FW, 
1nM and CERI, 0.5nM).  Therefore, it was necessary to adjust the nominal receptor concentrations for the 
respective assays to minimize ligand depletion and to support the assumptions of the law of mass action 
during the analysis of the competitive binding data (Motulsky and Christopoulos, 2003). The ratio of 
specific binding to total radioligand concentration used in each respective assay is related to the 
corresponding nominal receptor concentration that should be used to obtain optimal results from each 
protocol (i.e., 20±5% (FW) and 40±10% (CERI).  
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III. Data Handling and Statistical Analysis Methods: 
 
A. Independent Standardized Data Analysis 
 

1. Saturation Binding 
 
66. Data from each of the participating laboratories were forwarded by the U.S. EPA 
to the Data Coordination Center (DCC), Battelle, Columbus, OH, for an independent 
standardized saturation binding analyses.  The DCC analyzed the saturation binding 
data using a non-linear regression model that accounted for both total binding and non-
specific binding using PRISM (GraphPad PRISM, San Diego, CA.  The Swillens 
correction for ligand depletion (Swillens, 1995), as implemented in the PRISM software 
code, was used to generate estimates of Kd (equilibrium dissociation constant) and 
Bmax (maximal density of receptor sites).  For comparison, all runs from each 
laboratory were analyzed with and without the adjustment for ligand depletion.  
Saturation binding curves with total, non-specific and specific binding were prepared.  
PRISM fit parameters derived from the non-linear regression model were reported, and 
date displayed in a Scatchard (Rosenthal) plot. A detailed report for the analysis of 
saturation binding is provided in EP-W-06-32, Work Assignment 5-2, Technical Directive 
DCC22, August 16, 2011 (Appendix E). 
 
2. Competitive Binding 
 
67. All data received from each participating lab was transfered by U. S. EPA to an 
independent contractor (DDC, Battelle, Columbus, OH) for formatting and analysis.  
Each participating laboratory used a data template that had been supplied by the 
U.S.EPA, so there was some commonality of organization.  Upon receipt, the contractor 
reviewed the data provided by each lab  and, as needed, transferred the data  into a 
uniform template  specific for each assay (this process is described in detail in Battelle 
report WA 5-2, technical directive 24 dated December 19, 2011 pp 10-14;  Appendix F).  
During this process, coded compounds tested in subtasks 3 and 4 were de-coded and 
identified. 
 
68. Data for all controls and test chemicals were fit to a four parameter Hill equation 
model by non-linear regression using GraphPad PRISM software.  While no constraints 
were used for any of the four parameters generated by the PRISM fit models for data 
from this validation study, it is not unusual for receptor binding curve fitting models to be 
constrained (e.g., Top, maximum of 100% and/or Bottom, minimum of 0%) since it’s 
theoretically impossible for a test chemical to displace more than 100% or less than 0% 
of the [3H]17β-estradiol from the ER. Constraining the top and/or bottom of the PRISM 
fits can sometimes improve the precision of the response curves by preventing the 
inclusion of nonsensical estimates for top and bottoms of the curves. However, the use 
of constraints was not considered appropriate for this validation study since tolerance 
bounds would be derived from the PRISM fit parameters for the controls as potential 
measures of assay performance for future use of the hrER assays.  
 
69. Previous studies had shown cases where the analysis and interpretation of 
competitive binding data can be complicated by an upturn of the percent binding when 
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testing chemicals at the highest concentrations (Figure1).  This is an well-known issue 
that can be encountered when using any competitive receptor binding assays (Laws et 
al., 2006).  In these cases, a concentration dependent response is observed at lower 
concentrations, but as the concentration of the test chemical approaches the limit of 
solubility, the displacement of [3H]17β-estradiol begins to generate a “U-shaped 
response curve”.  Such U-shaped curves are typically considered artifacts of the test 
conditions rather than relevant descriptors of the binding affinity of the test chemical. 
For example, U-shaped curves are many times associated with chemical insolubility and 
precipitation at high concentrations, or may also be a reflection of exceeding the 
capacity of the dextran-coated charcoal to trap the unbound radiolabeled ligand during 
the separation procedure at the highest chemical concentrations.  Leaving such data 
points in when fitting competitive binding data to a sigmoid curve can inappropriately 
raise the perceived bottom of the curve (Figure 1B), and can sometimes lead to a 
misclassification of the ER binding potential for a test chemical (Figure 1A). To avoid 
this, the protocols for the FW and CERI assays included an option to exclude from the 
analyses all data points where the mean of the replicates for the % specific bound 
showed 10% or more radioligand binding than the mean at a lower concentration (i.e. 
10% rule). 
 
Figure 1. Examples, Analysis of Competitive Binding Data, with and without 

use of 10% rule.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
70. During the conduct of experiments for the validation study of the FW and CERI 
assays, it was observed that this rule had an unintended and unforeseen consequence. 
Chemicals that did not interact with the receptor (e.g., true non-binders) often showed 
variability around 100% radioligand binding that were greater than 10% across the 
range of concentrations tested.  If the lowest value happened to be at a low 
concentration, the data from all higher concentrations were discarded by the rule, even 
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though those concentrations could have been useful in establishing that the chemical 
was a non-binder (see example, Section IV. B2b, Figure 11A). 
 
71. Upon advice from the SMT, the laboratories were allowed to use their judgement 
with regard to the use of the “10% rule” if there was a reason to believe that the test 
chemical was a non-binder.  However, a subjective waiver of the 10% rule was not 
considered appropriate for the statisticians conducting the initial independent 
standardized statistical analysis, nor was resources available for such an effort.  Thus 
the decision was made to not implement the 10% rule for any cases during the initial 
standardized statistical analysis (Appendix F). 
 
72. Each lab was asked to provide a minimum of three independent runs for each 
chemical with three technical replicates at each concentration within a run.  Each 
independent run was to be tested on a different date. In some cases, a laboratory 
recognized that the data from a particular run was unacceptable based upon the 
measures of assay performance (Section II.F.7), and those runs were repeated.  No 
automatic correction for ligand depletion or exclusion of outliers was applied. (Rational 
discussed in Dec 19. 2011 report, section 3.2 and 3.4, respectively; Appendix F).  Prism 
fits were attempted for each individual control and test chemical run.  Model fits that 
PRISM marked as “ambiguous” were treated as “could not be fit”.  The PRISM fit results 
were returned to U.S.EPA for review.  
 
73. Two members of the SMT reviewed the results of the PRISM model fits for the 
controls (i.e., reference estrogen, 17β-estradiol; weak binder, norethynodrel) and made 
decisions as to whether the controls for each run were “acceptable” or “unacceptable”.  
Initially both reviewers evaluated the same subset of the data to develop a common 
decision base, and then confirmed consistency between their individual classifications 
after which assessments were made independently in parallel.  If either control (17β-
estradiol or norethynodrel) was designated “unacceptable” then all test chemical data 
from that run was also considered “unacceptable”.  These were subjective judgments 
considering all criteria simultaneously (top, bottom, slope, residual variability, logIC50, 
etc) rather than separately. Only acceptable runs were used for further analysis during 
the standardized data analysis conducted by the Data Coordination Center (see 
Appendix F and Appendix C). 
 
74. Each acceptable test run for each chemical (see Appendix C (includes 
Addendum with update of acceptable runs)) was classified as binder, non-binder, or 
equivocal as described below.  
 
75. The criteria used to assign a classification for a test chemical (e.g., binder, non-
binder or equivocal) following each run within a single laboratory are shown in Table 10.  
Classifications of test chemicals were based on only those runs where both positive 
controls (i.e., reference estrogen and weak binder) were judged to be acceptable.  Each 
run for a given test chemical was designated as a “binder”, “equivocal”, or “non-binder”, 
according to the characteristics of the binding curve fits.  The criteria for the 
designations are given in Table 10, and examples of competitive binding curves 
representing each classification are shown in Figure 2.  
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Table 10. Criteria for assigning classification based upon test chemical 
binding curve. 

Classification Criteria 

Binder A binding curve can be fit.   
• The lowest point on the response curve within the range 

of the data is less than 50%. 
Non-binder If a binding curve can be fit,  

• the lowest point on the fitted response curve within the 
range of the data is above 75%. 

If a binding curve cannot be fit,  
• the lowest unsmoothed average percent binding among 

the concentration groups in the data is above 75%. 
Equivocal   Any testable run that is neither a binder nor a non-binder  

(e.g., The lowest point on the fitted response curve is between 76 – 51%).   
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Figure 2. Competitive binding curves indicative of chemical classification as a 
hrER binder, non-binder or equivocal. 
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76. Multiple runs conducted within a laboratory for a chemical were combined by 
assigning numeric values to each run and averaging across the runs as shown in Table 
11.  Results for the combined runs within each laboratory are compared with the 
expected classification for each test chemical.  
 
Table 11. Method for classification of test chemical using multiple runs within 

a laboratory. 
To assign value to each run: 

Classification Numeric Value 
Binder 2 

Equivocal 1 
Non-binder 0 

To classify average of numeric value across runs: 
Classification Numeric Value 

Binder Average ≥ 1.5 
Equivocal 0.5 ≤ Average < 1.5 

Non-binder Average < 0.5 
 
77. The results from all the participating laboratories were also combined to classify 
a test chemical among the laboratories.  Values were averaged across laboratories to 
obtain a single result for each chemical.  Specifically, each chemical within a laboratory 
was assigned a score based on the classification determined above in Table 11.  Then 
the scores for a chemical were averaged across laboratories, and the final classification 
was set using the ranges for the numeric value as shown in the bottom panel of Table 
11. 
 
78. Results from the competitive binding assay were compared with the expected 
results for each test chemical.  The expected classifications for test chemicals used in 
the validation study are shown in Table 5, and are based upon historical documentation 
in published literature and as tabulated in the Background Review Document (BRD) for 
ER Binding and Test Methods (ICCVAM, 2006, 2003, 2002a).  The assays are 
designed to classify chemicals using three groups: binder, equivocal, and non-binder. 
 
79. Initial binding classifications were performed as described above and reported to 
U.S.EPA (Appendix F).  After technical review of the report, it was determined that 
additional data analyses were needed in three areas.   
 
 First, there was some question/concern that runs identified by the participating labs 

as unacceptable due to identified errors when conducting the assay might have 
been inadvertently included in the independent standardized statistical analysis.  
Therefore, an exercise was conducted to cross check the runs used in the 
standardized data analysis with those designated by the laboratories as 
unacceptable runs (see Appendix H, Task 2).  These runs are now noted in 
Appendix C (far right column “Acceptable by laboratory” is coded as “0”; 
unacceptable, coded “1”).  Data from these laboratory identified unacceptable runs 
were not used in the reclassification of test chemicals as binders, non-binders, or 
equivocal. 
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 Second, as described earlier in this section, the 10% rule was not utilized during the 

standardized statistical analysis.  However, a technical review of the standardized 
data analysis indicated that by not implementing the 10% rule, some of the test 
chemicals that clearly exhibited concentration-dependent displacement of [3H]17β-
estradiol, were misclassified due to ambiguous PRISM curve fits and/or equivocal 
classifications (See examples, Figure 18 A-D).  Therefore, an additional data 
analysis was conducted for those runs with equivocal classification where the use of 
10% rule was implemented. For these cases, a new curve was generated after 
implementing the 10% rule, and these chemicals were re-classified based upon the 
new data (Appendix H, Task 3).  These data have been included in the Tables 
describing the results from subtasks 2, 3 and 4 in this Integrated Summary Report.  
The data analysis and development of the tolerance interval bounds for 17β-
estradiol, and norethynodrel were not affected by the 10% rule since these 
chemicals did not typically exhibit the U-shaped behavior. 
 

 Third, it was determined that an additional follow-up statistical analysis based on the 
PRISM fit parameters obtained for each run during the independent standardized 
analysis results would provide further insight into the intra- and inter-laboratory 
reproducibility.  The approach used for this follow-up analysis is described below in 
Section III.B.  This additional analysis did not impact the classifications shown in the 
Tables describing the results from subtasks 2, 3 or 4, but provided additional 
measures of overall assay and laboratory performance.  

 
B. Follow-up Statistical Analysis 
 
80. The objective of this follow-up statistical analysis was to provide additional  
insight into the intra- and inter-laboratory reproducibility when using the FW and CERI 
assays to evaluate the ER binding potential of 3 controls, and 9 (uncoded) and 14 
(coded) test chemicals.  The measures of intra- and inter-laboratory reproducibility used 
in this analysis were the percent false positives, false negatives and the overall R2 
variability. 
 
81. A detailed summary of the approach and assumptions used in the follow-up 
analysis are described in more detail in the results section (IV.B.4).  Briefly, the data set 
used in this analysis was the Prism parameter data as provided in the independent 
statistical report for each assay (see Appendix C).  The goal was to perform a 
conservative analysis which was as inclusive as possible.  There was some 
question/concern that the review and classification of entire runs as unacceptable based 
solely on a subjective review of the reference estrogen and weak positive control data 
(see Section III.A.2) might have excluded a significant amount of acceptable and usable 
test chemical data (i.e., approximately one third of the data for the test chemicals had 
been excluded) and/or possibly unintentionally biased the overall initial statistical 
analysis.  Therefore, unlike the initial independent statistical analysis, all runs submitted 
as acceptable by the participating labs were included and only those specific runs 
identified by the participating laboratories as unacceptable were excluded in this follow-
up analysis6. The correlation coefficient (R2) was the focus of the analysis because, of 

                                            
6 All runs that were submitted by the laboratories are shown in Appendix C.  Within this file, each run is 
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all the parameters available in the summary data, it provided an indication of how well 
the experimental data fit the regression model.  The analysis was conducted using SAS 
statistical software (SAS, Cary, NC; version 9.1). R2 values equal to or exceeding 0.9 
(or 90%) were considered “good”.  Results were also compared to the expected results 
to determine false negative and false positive rates per lab pooled across all chemicals.  
The report and SAS output for the analysis is included in Appendix I. 
 
 
IV. Results:  Inter-laboratory Validation Study 
 
82. As described in Section II.C, the inter-laboratory validation effort was divided into 
two major tasks designed to allow each laboratory to demonstrate increasing proficiency 
with conducting the FW and CERI assays (Table 12).  Each laboratory completed each 
task (and subtasks) at their own pace, and routinely provided progress reports to the 
U.S.EPA.  During the validation study, the SMT was consulted and provided with 
relevant preliminary data and information.  Any questions or issues reported by the 
laboratories were forwarded to the SMT immediately, and updates on the progress of 
the validation study were provided to the VMG-NA annually. 
 
Table 12 Objectives, Inter-Validation Study for the FW and CERI Assays. 

Task I.  Saturation Binding 

Subtask 0 Demonstrate laboratory proficiency for conducting hrER saturation binding, and confirm 
receptor concentration of active receptor. 

Task II.  Competitive Binding 

Subtask 1 Demonstrate basic laboratory proficiency for conducting competitive binding study using 
three control chemicals (reference estrogen, weak binder, and non-binder). 

Subtask 2 Demonstrate advanced laboratory proficiency using nine uncoded chemicals 
representing a range of binding affinities for the ER. 

Subtask 3 Demonstrate accuracy of the assay when classifying 14 coded chemicals, representing 
a range of binding affinities for the ER, as binder, non-binder, or equivocal. 

 

Subtask 4 
 
Optional.   Classify 7 additional test chemicals (provided as 16 coded samples) to 
evaluate as potential alternatives for controls (weak binders and non-binders).  
 
 

 
83. Upon completion, each laboratory submitted their reports and data organized as 
test runs under each subtask.  For saturation binding, a run consisted of the 
measurement of total, non-specific and specific binding in the presence of eight 
increasing concentrations of [3H]17β-estradiol.  Three technical replicates were required 
at each concentration within a single run, and 3 independent runs conducted on 
separate days were required by each laboratory.  For the competitive binding, after 
proficiency was demonstrated for conducting the assay (subtask 1), each run consisted 
of the controls (reference estrogen, weak binder (norethynodrel), and non-binder (DBP), 

                                                                                                                                             
coded to indicate if data (1) were ‘acceptable’ based upon the 2011 U.S.EPA review of the control binders 
for each respective run, and (2) if data were ‘acceptable’ by the laboratory conducting the particular run. 
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and one or multiple test chemicals. Within each run, each chemical was tested at eight 
concentrations each in triplicate.  Each test chemical was to have been tested in at least 
3 independent runs, and in practice, some laboratories submitted more than 3 runs. 
 
84. Five laboratories completed the saturation and competitive binding tasks for the 
CERI assay, and six laboratories completed both major tasks for the FW assay. 
Subtask 4 was optional, and 2 laboratories elected to participate.  Upon receipt, the U.S. 
EPA submitted all reports and data to a contractor for the independent standardized 
data analysis. 
 
 
A. Saturation binding 
 
Table 13. Objectives, Task 1, Saturation Binding. 

Task I.  Saturation Binding 

Subtask 0 Demonstrate laboratory proficiency for conducting hrER saturation binding, and confirm 
concentration of active receptor. 

 
85. Each laboratory was required to conduct the saturation binding experiment to 
demonstrate the proficiency of the laboratory for performing the FW and CERI Assays, 
and to confirm the concentration of active receptor.  An initial experiment was 
conducted to confirm the concentration of active receptor for use in the FW and CERI 
assays.  A complete saturation binding experiment was then conducted where total, 
non-specific and specific binding were measured in the presence of increasing 
concentrations of [3H]17-β estradiol for each run.  Three technical replicates were 
requested at each concentration within a single run, and three independent runs were 
requested from each laboratory. 
 
86. Data from the saturation binding data from each of the laboratories were 
analyzed uniformly by statisticians who were independent of the laboratories, under the 
guidance of the U.S. EPA.  A report describing the statistical analysis, including 
saturation binding curves and Scatchard plots, is attached as Appendix E.  In brief, data 
were analyzed using a non-linear regression analysis to determine Bmax and Kd 
(GraphPad PRISM, GraphPad Software, Inc., San Diego, CA), with a final display of the 
data as a Scatchard plot. 
 
87. The Swillens correction for ligand depletion (Swillens, 1995), as implemented in 
GraphPad PRISM software code to include measurements of non-specific binding, was 
used to generate the Bmax and Kd estimates .  Runs were also analyzed without using 
the Swillens correction, for comparison.  Only the runs using the Swillens correction are 
discussed below, but both sets of analyses are included in Appendix E.  
 

1. CERI Assay 
 
88. Five laboratories submitted saturation binding data from 17 runs using the CERI 
Assay. Data from these runs were evaluated using the measures of assay performance 
as described in Section II.F.7.   
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89. An example of a typical saturation binding curve using this assay is shown in 
Figure 3.  The displayed Scatchard analysis with inset box showing Kd = 0.264 ± 0.015 
nM demonstrates that the binding affinity for the hrER used in the assay are consistent 
with that reported for other in vitro ER binding assays (Rich et al., 2002).  A review of 
the ratio of specific binding to total [3H] 17-β estradiol used in the saturation binding 
experiment (e.g., 8 concentrations of [3H] 17-β estradiol, ranging from 0.03 – 4.0 nM) 
indicated that the Swillens correction for ligand depletion was needed (e.g., Among runs 
for all laboratories, the percentage of specific binding relative to the total radioligand 
used in the assay typically ranged from 40-50% at the lowest concentration of [3H] 17-β 
estradiol concentration (0.03 nM) and 2-9% at the highest (e.g., 4.0 nM)).  See graphs 
and output data (dpms) for each run and laboratory in Appendix E, pages B1-B67. 
Additional statistical analysis (mean ± SD) for data reported in Tables 14-17 is available 
in Appendix L.   
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Figure 3. CERI Assay, Example of saturation binding data and analysis 
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90. Saturation binding data from each run were evaluated using measures of assay 
performance as described in Section II.F7.  Results from the saturation binding data for 
each performance criteria are shown below. 
 
Did the specific binding curve reach a plateau? 
 
 Each of the 17 saturation binding curves produced using the CERI assay reached a 

plateau; an indication that the binding approached saturation of a finite number of 
binding sites with an affinity for binding to [3H] 17-β estradiol. 

 
Was the ratio of specific binding to total [3H] 17-β estradiol used in the assay 
within the limits recommended in the protocol? 
 
 The percent specific binding when using 0.5 nM total radioligand is shown in Table 

14 for each run conducted in each laboratory.  This criterion is based on the 
requirement that active receptor concentration be titrated during the saturation 
binding experiment to achieve 40±10 % of radioligand that is specific-bound in the 
presence of 0.5 nM concentration of total radioligand. This criterion supports the 
assay conditions needed for conducting the competitive binding portion of the CERI 
assay 7 .  The specific-binding percentages were derived from the measured 
disintegrations per minute (dpm) in the total and non-specific binding wells, 
averaged over three replicates in each run. 

 Four of the laboratories initially experienced some difficulties with meeting this 
criteria and reported values lower than 30%.  However, with titration of receptor 
concentration during sequential runs, the recommend range for this criterion was 
achieved in three laboratories (CeeTox, U. Missouri, Bayer).  Results from another 
laboratory (Lovelace) remained just below the lower limit of the recommended range.  
The developing laboratory for the CERI assay (CERI) reported values that were 
within the recommended range for all runs; a finding that was consistent with their 
historical database when conducting this assay. 

 
Table 14. CERI Assay.  Percent (%) specific binding when using 0.5 nM  

(3H)17β-estradiol in the assay. 

a See Appendix L for data analysis.  
  

                                            
7 The recommended criteria were based upon historical data from the developing laboratory for the CERI 
Assay, and support the assumptions of the law of mass action as applied to receptor binding (Motulsky 
and Christopoulos, 2003). 
 

 CeeTox 
 (%) 

Lovelace 
(%) 

U. Missouri 
(%) 

Bayer 
(%) 

CERI  
(%) 

Run 1 21 27 23 40 45 

Run 2 15 33 43 19 39 

Run 3 21 27 33 34 43 

Run 4 49a  50   

Mean ± SD (n) 27 ± 15.3a (4) 29 ± 3.5 (3) 38 ± 12.2a (4) 31 ± 10.8a (3) 42 ± 3.1 (3) 
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 Are the Scatchard plots linear? 
 
 Displaying saturation binding data as Scatchard plots following analysis by nonlinear 

regression provided an approach for quickly comparing results from multiple runs.  
Scatchard plots from all runs before and after using the Swillens correction for ligand 
depletion reflected that the adjustment produced a much better fit of the data (see 
pages B1-B68, Appendix E).  All Scatchard plots of saturation data analyzed with the 
Swillens correction were linear, with no pronounced convexity or concavity of the 
data points, and indicated the presence of a single class of receptors with a high 
affinity for [3H] 17-β estradiol.  Some variations of the slope and x-intercept were 
observed among the multiple (n=17) runs. 

 
Was non-specific binding within the limits as recommended in the assay?  
 
 The recommended limit for percent non-specific binding relative to total binding, 

when using the highest concentration of radioligand (4.0 nM), was 35% for the CERI 
assay.  This was based upon data produced in the CERI laboratory during the 
development and optimization of the protocol. In many cases, the 35% benchmark 
was exceeded by a substantial amount with an overall mean ± SD across all the 
laboratories of 46 ± 7.6 % (Table 15).  

 
Table 15. CERI Assay. Percent (%) non-specific binding relative to total 

binding when using highest concentration of radioligand (4nM). 

a See Appendix L for data analysis.  
  

 CeeTox  
(%) 

Lovelace   
(%) 

U. Missouri 
(%) 

Bayer  
 (%) 

CERI 
(%) 

Run 1 60 64 65 35 50 
Run 2 50 53 25 42 48 
Run 3 60 51 34 35 47 
Run 4 22  37   
Mean ± SD (n) 48 ± 18.0 (4) 56 ± 7.6 (3) 40 ± 17.3 (4) 37 ± 4.0 (3) 48 ±1.5 (3) 
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Comparison of calculated Kd and Bmax estimates within and among the 
laboratories. 
 
 Although the protocol did not specify a recommended range for the Kd (nM), the 

results from the participating laboratories were compared for intra- and inter-
laboratory reproducibility.  The estimated Kd from each run is reported in Table 16.   
The means for the individual laboratories ranged from 0.244 – 0.758 nM, with an 
overall mean for all the laboratories of 0.451 ± 0.16 nM.  These estimates of Kd are 
consistent with those reported in the literature for a full length hrERa (Rich et al., 
2002). 

 
 
Table 16. CERI Assay.  Estimates of Kd, (nMolar) for each Laboratory 

a See Appendix L for data analysis.  
 
 
 Bmax (nM) values are shown in Table 17 for each of the runs completed by each 

laboratory, and are intended to only provide a comparison among the participating 
laboratories. Results from four of the laboratories (CeeTox, Lovelace, U. Missouri, 
and Bayer) were clustered together and ranged from 0.334 – 0.592 nM; overall 
mean ± SD was 0.423 ± SD (n=4).  One lab (CERI) reported about a 2.5X higher 
Bmax (1.068 ± 0.566 nM) as compared with that reported by the other four 
laboratories.  The mean Bmax for all five laboratories was 0.552 ±0.0461 nM. 

  

 CeeTox Lovelace U. Missouri Bayer  CERI 
 Kd 

(nM) 
Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Run 1 0.2760 0.0648 0.1477 0.0178 0.4441 0.0383 0.3811 0.0239 0.5550 0.0107 

Run 2 0.5868 0.1093 0.2337 0.0223 0.2646 0.0159 1.283 0.0981 0.7355 0.0167 

Run 3 0.1687 0.0475 0.3500 0.0493 0.2606 0.0316 0.6105 0.0295 0.6124 0.0224 

Run 4 0.2651 0.0286   0.2036 0.0285     

Mean 0.3242  0.2438  0.2932  0.7582  0.6343  

SD 0.1816  0.1015  0.1044  0.4687  0.0922  



39 

Table 17. CERI Assay.  Bmax estimates for each run and laboratory 

a See Appendix L for data analysis.  
 
 

2. FW Assay 
 
91. Six laboratories submitted saturation binding data from 20 runs using the FW 
Assay. Data from these runs were evaluated using the measures of assay performance 
as described in Section II.F.7.  Figure 4 shows a typical saturation curve and Scatchard 
plot from an experiment conducted using the FW assay.  The saturation curve showing 
total, non-specific and specific binding of [3H] 17-β estradiol confirmed the presence of a 
finite number of binding sites with specificity for the radiolabeled ligand.  Scatchard 
analysis with inset box  showing Kd = 0.30 ± 0.01 nM  demonstrated that the binding 
affinity for the hrER used in the assay are consistent with that observed in other in vitro 
ER binding assays.  A review of the ratio of specific binding to total [3H] 17-β estradiol 
used in the saturation binding experiment (e.g., 8 concentrations of [3H] 17-β estradiol, 
ranging from 0.03 – 3.0 nM) indicated that the Swillens correction for ligand depletion 
was needed (e.g., Among runs for all laboratories, the percentage of specific 
binding/total radioligand typically ranged from 38-46% at lowest [3H] 17-β estradiol 
concentration (0.03 nM), and 1.5 - 4 % at highest (e.g., 3.0 nM).  See graphs and output 
data (dpms) for total [3H] 17-β estradiol added, total bound, and non-specific bound for 
each run and laboratory in Appendix E. Additional statistical analysis (mean ± SD) for 
data reported in  Tables 18-21 is available in Appendix L.   
  

 CeeTox Lovelace U. Missouri Bayer  CERI 

 Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Run 1 0.278 0.0197 0.248 0.0089 0.302 0.0103 0.595 0.0107 1.041 0.0084 

Run 2 0.349 0.0259 0.357 0.0101 0.414 0.0067 0.552 0.0193 1.133 0.0094 

Run 3 0.187 0.0142 0.428 0.0196 0.484 0.0146 0.630 0.0106 1.030 0.0114 

Run 4 0.561 0.0165   0.453 0.0157     

Mean 0.344  0.344  0.413  0.592  1.068  

SD 0.1593  0.0907  0.0795  0.0391  0.0566  
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Figure 4. Saturation binding data from a typical experiment using the FW 
assay. 

 
 
92. Saturation binding data from each run were evaluated using measures of 
performance identical to those for the CERI assay, with the exception of a different limit 
for the percent of total [3H] 17-β estradiol that was specifically bound8.  Results from the 
saturation binding data for each of the criteria are shown below. 
 
  

                                            
8 The recommended criteria were based upon historical data from the developing laboratory for the CERI 
Assay, and support the assumptions of the law of mass action  as applied to receptor binding (Motulsky 
and Christopoulos, 2003). 
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Did the specific binding curve reach a plateau? 
 
 All 20 saturation binding curves produced using the FW Assay reached a plateau 

indicating the presence of a finite number of binding sites with an affinity for binding 
to [3H] 17-β estradiol. 

 
Was the ratio of specific binding to total binding when using 1 nM radioligand 
within the limits recommend in the protocol? 
 
 The percent specific binding when using 1 nM total radioligand is shown in Table 18 

for each run conducted in each laboratory.  This criterion is based on the 
requirement in the assay that active receptor concentration be titrated during the 
saturation binding experiment to ensure that  20±5 % of radioligand is specific-bound 
in the presence of 1 nM concentration of total radioligand (e.g., This criterion 
supports the assay conditions needed for conducting the competitive binding portion 
of the FW assay).  The specific-binding percentages were derived from the 
measured disintegrations per minute (dpm) in the total and non-specific binding 
wells, averaged over three replicates in each run. 

 
 As shown in Table 18, the mean of the individual runs for four of the laboratories 

(Ceetox, U. Missouri, Bayer, CERI) were within the recommended range; the mean 
for one laboratory (Lovelace) was a little high, but the last run in the series met the 
criteria after the laboratory adjusted the receptor concentration.  One laboratory 
(U.Konstanz) consistently measured a lower percentage of specifically-bound [3H] 
17-β e s tra diol tha n the  re comme nde d 20±5%.  This  laboratory reported that this 
was likely due to degradation of the receptor that occurred during shipment to their 
laboratory (see Bmax section, below).  A new shipment of receptor was obtained by 
the laboratory and used for Run 4.  The mean ± SD for all the laboratories was 20 ± 
7.7% (n=20). 

 
Table 18. FW Assay.  Percent (%) specific binding when using 1.0 nM (3H)17β-

estradiol in the assay.  

aLab reported possible degradation of hrER (U.Konstanz). 
bRun conducted using a new batch of receptor (U.Konstanz). 
c See Appendix L for data analysis.  
  

 CeeTox   
(%) 

Lovelace 
(%) 

U. Missouri 
(%) 

Bayer      
(%) 

CERI 
 (%) 

U. Konstanz 
(%) 

Run 1 27 33 22 23 22 6a 

Run 2 21 30 17 20 21 5a 

Run 3 23 23 16 24 16 5a 

Run 4   15   8b 

Mean ±SD 24 ± 3.1 29 ± 5.1 18 ± 3.1 22 ± 2.1 20 ± 3.2 6 ±1.4 



42 

Was non-specific binding within the limits as recommended in the assay 
protocol? 
 
 The recommended limit for the percent non-specific binding as compared with total 

binding when using the highest concentration (3.0 nM) of radioligand was ≤ 35%.   
Five of the laboratories met the criteria for the limit of non-specific binding9 for the 
FW assay (Table 19).  One laboratory reported non-specific binding values 
exceeding the criteria in 2 of 4 runs.  The mean ± SD across all the laboratories was 
21 ± 10.2 (n=20). 

 
Table 19. FW Assay.  Percent (%) non-specific binding relative to total binding 

when using highest concentration of radioligand (3 nM).  
 CeeTox 

 (%) 
Lovelace 

 (%) 
U. Missouri 

(%) 
Bayer 
 (%) 

CERI  
(%) 

U. Konstanz 
(%) 

Run 1 12 8 7 31 21 35a 

Run 2 12 9 9 32 24 45a 

Run 3 14 11 21 26 28 41a 

Run 4   17   16b 

Mean ±SD (n) 13 ± 1.2 (3) 9 ± 1.5 (3) 14 ± 6.6 (4) 30 ± 3.2 (3) 24 ± 3.5 (3) 34 ± 12.8 (3) 
aLab reported possible degradation of hrER 
bRun conducted using a new batch of receptor 
a See Appendix L for data analysis.  
 
 
 
Did the data produce a linear Scatchard plot? 
 
 Displaying saturation binding data as Scatchard plots following analysis by nonlinear 

regression provided an approach for quickly comparing results from multiple runs.  
The Scatchard plots from all runs following the Swillens correction for ligand 
depletion reflected a much better fit of the data as compared with that produced 
without the adjustment (see pages A1-A78, Appendix E).  All Scatchard plots of 
saturation data analyzed with the Swillens correction were linear and indicated the 
presence of a single class of receptors with a high affinity for [3H] 17-β e s tra diol.  
Some variations of the slope and x-intercept were observed among the multiple 
(n=20) runs. 

 
Comparison of calculated Kd and Bmax estimates within and among the 
laboratories.  
 
 Although providing quantified estimates of the Kd and Bmax were not included in the 

measures of assay performance (Section II.F.7), these estimates were compared 
among the laboratories and with reported values in the literature.  Table 20 shows 
the estimated Kds for each run and laboratory. The means for the individual 

                                            
9 The limit for non-specific binding was based upon historical data from the developing laboratories for the 
FW and CERI Assays. 
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laboratories ranged from 0.230 – 0.707 nM, with an overall mean for all the 
laboratories was 0.423 ± 0.20 nM.  These values are consistent with those reported 
in the literature for a full length hrERa (Rich et al., 2002). 

 
Table 20. FW Assay.  Kd (nMolar) for each laboratory. 
 CeeTox Lovelace U. Missouri Bayer  CERI U. Konstanz  

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Kd 
(nM) 

Std. 
Error 

Run 1 0.2982 0.0104 0.3173 0.0198 0.4811 0.0136 0.3822 0.0192 0.5398 0.0153 0.1863
a
 0.0199 

Run 2 0.3047 0.0137 0.3293 0.0122 0.5038 0.0115 0.3851 0.0171 0.4800 0.0129 0.1464
a
 0.0179 

Run 3 0.3113 0.0166 0.1831 0.0075 0.8908 0.0651 0.3530 0.0142 0.9104 0.0271 0.3214 0.0319 

Run 4     0.9550 0.0302     0.2675
b
 0.0175 

Mean 0.3047  0.2766  0.7077  0.3734  0.6434  0.2304  

SD 0.0066  0.0812  0.2501  0.0178  0.2332  0.0789  

aLab reported possible degradation of hrER (U. Konstanz) 
bRun conducted using a new batch of receptor (U.Konstanz) 
c See Appendix L for data analysis.  
 
 
 
 
 Bmax (nM) estimates are shown in Table 21 for each of the runs conducted in each 

laboratory. Results from five of the laboratories were clustered together and ranged 
from 0.305 – 0.405 nM.  One lab reported a much lower Bmax for each of their 4 runs, 
with a laboratory mean ± SD of 0.071 ± 0.02 nM.  This laboratory concluded after 
three runs that there had been degradation of the receptor.  A new batch of receptor, 
as well as a new batch of radioligand, was used for Run 4. 
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Table 21. FW Assay.  Bmax estimates for each laboratory. 
 
 CeeTox Lovelace U. Missouri Bayer CERI U. Konstanz  

 Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Bmax 
(nM) 

Std. 
Error 

Run 1 0.327 0.0033 0.320 0.0066 0.348 0.0035 0.353 0.0064 0.400 0.0049 0.070
a
 0.0024 

Run 2 0.293 0.0044 0.451 0.0047 0.314 0.0025 0.299 0.0049 0.343 0.0037 0.054
a
 0.0023 

Run 3 0.296 0.0042 0.445 0.0047 0.363 0.0131 0.379 0.0053 0.364 0.0057 0.064
a
 0.0024 

Run 4     0.347 0.0046     0.103
b
 0.0028 

Mean 0.305  0.405  0.343  0.344  0.369  0.073  

SD 0.0188  0.0740  0.0207  0.0408  0.0288  0.0212  

aLab reported possible degradation of hrER 
bA new batch of receptor used in Run 4 
a See Appendix L for data analysis.  
 
 
 

3. Summary: Saturation Binding 
 
93. The overall performance for each of the laboratories was acceptable when 
conducting the saturation binding experiment using the FW and CERI assays.  
Saturation of receptor was demonstrated for each assay, and although no quantitative 
measures of assay acceptance were required, each laboratory reported Kds that were 
reasonable for the binding of 17β -estradiol based upon published values.  The 
concentration of active receptor as required for optimal assay conditions when 
conducting the competitive binding experiments was demonstrated in most labs. One 
laboratory experienced problems with degradation of the ER when using the FW assay 
that likely occurred during shipment to their laboratory.  All participating laboratories 
moved forward with the competitive binding experiments and continued to monitor 
active receptor concentration as a measure of assay performance.  
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B. Competitive Binding 
 
94. The competitive binding experiments provide the data to evaluate the potential of 
a test chemical to bind to the hrER, and as such, it is the key component of the hrER 
binding assay.  To fully assess the proficiency of the participating laboratories, this part 
of the validation study was conducted as a series of subtasks consisting of increasing 
levels of technical difficulty (Table 22).  Each laboratory was asked to complete 
subtasks 1-3 for both the FW and CERI assays, but subtask 4 was optional.  For each 
subtask, the laboratories were required to measure the binding of a single concentration 
of [3H]17β-estradiol in the presence of increasing concentrations of a test chemical.  
Three technical replicates were requested for each of the 8 concentrations of test 
chemical within a run, and three independent runs were to be conducted for each test 
chemical. 
 
Table 22. Objectives, Validation Study for Competitive Binding.  
 

Task II.  Competitive Binding 

Subtask 1 Demonstrate basic laboratory proficiency for conducting competitive binding study using 
three control chemicals (reference estrogen, weak binder, and non-binders). 

Subtask 2 Demonstrate advanced laboratory proficiency using nine uncoded chemicals 
representing a range of binding affinities for the ER. 

Subtask 3 Demonstrate accuracy of the assay when classifying 14 coded chemicals, representing 
a range of binding affinities for the ER, as binder, non-binder, or equivocal. 

 

Subtask 4 
 
Optional.   Classify 7 additional test chemicals (provided as 16 coded samples) to 
evaluate as potential alternatives for controls (weak binders and non-binders).  
 
 

 
95. To insure uniformity of approach and comparability of results across laboratories, 
data from all tasks across all laboratories were analyzed by a single, independent 
statistical analysis contractor under the guidance of the U.S. EPA (see Section III.A2).  
The detailed reports for the analyses are attached as Appendixes F, G, H, and I.  
Results are summarized below for each subtask. 
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1. Subtask 1:  Demonstrate Basic Laboratory Proficiency 
 
96. Laboratories were asked to provide three “acceptable” runs of the control 
chemicals (uncoded reference estrogen, weak binder (norethynodrel), and non-binder 
(DBP) based upon measures of assay performance (Section II.F.7).  Quantitative 
performance criteria by which to evaluate “acceptability” based upon the PRISM fit 
parameters were not provided, but laboratories were advised to be mindful of the top, 
bottom, and slope of the competitive binding curves.  Laboratories were also asked to 
provide data from all additional runs (outside of training runs).   
 
a. CERI Assay 
 
97. Prism fit parameters for the controls are shown in Table 23 (17 β-estradiol) and 
Table 24 (norethynodrel) for all submitted runs using the CERI assay.  The green 
highlights indicate runs that were classified as unacceptable during the uniform review 
of the PRISM fit parameters by 2 members of the SMT (Section III.A.2).  Most of the 
“unacceptable” runs had PRISM fit estimates for top plateaus that were markedly 
different from the expected value of 100%, but other factors such as exceptionally steep 
or shallow slopes were also considered.  However, many of the unacceptable binding 
curves with elevated top plateaus demonstrated a clear concentration-dependent 
inhibition of hrER binding and produced LogIC50s that were consistent with each 
respective control.  
 
98. All runs for 17β-estradiol and norethynodrel displayed binding to the hrERα 
(ligand binding domain) when tested in the CERI assay.   Of the 28 runs submitted by 
the 5 laboratories, only 1 run for 17β-estradiol and 1 run for norethynodrel displayed 
inconsistent replication and the lack of a concentration dependent binding curve. Both of 
these inconsistencies were produced within the Lovelace laboratory.  
 
99. The Lovelace laboratory also submitted two datasets (2 of 5 total runs) for the 
negative control (DBP, Table 25) where a PRISM fit was attempted, although each fit 
was as marked “ambiguous”.  One of the fits was clearly due to laboratory error (outlier) 
at the lowest concentration of DBP, and was not interpreted to be an indication of 
binding.  The other dataset was produced in a run in which both the reference estrogen 
and norethynodrel control datasets were considered “unacceptable” during the uniform 
evaluation, primarily due to a consistently low percentage of radioligand bound at the 
lower concentrations of competitor (i.e., low top plateau), which also was apparent in 
the DBP dataset.  The ambiguous bottom plateau (at 44% of radioligand bound, with 
standard error of 121%) for DBP in this run also suggested that the fit to the model was 
an artifact of curve-fitting procedures rather than a reliable indication of binding.  Neither 
of these DBP datasets is considered an indicator that the CERI assay performed 
inappropriately.  They are instead considered indications of technical problems at this 
single laboratory.  All other runs for DBP, in all laboratories, were negative. 
 
100. The competitive binding curves for each of the two control ER binders are shown 
in Figure 5 for each of the laboratories.  Overall, each laboratory demonstrated 
proficiency for conducting the competitive binding experiment. The variation among the 
independent runs for both 17β-estradiol and norethynodrel was much greater in the 
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Lovelace laboratory. Many of the curves from this laboratory reflected abnormally high 
estimates for the top of the curve. 
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Table 23. CERI Assay.  Subtask 1.  PRISM fit parameters for the reference standard, 17 β-estradiol. 
Laboratory Run ID Acceptable 

(E2/NE) Chemical 
PRISM Fit Parameters  

Bottom Top  LogIC50 HillSlope  Bottom 
SEM 

Top 
SEM 

LogIC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

Ceetox 20090207 A/A E2 2.84 107.00 -8.78 -1.18 2.36 2.86 0.04 0.13 20 0.984 5.779 24 
Ceetox 20090208 A/A E2 2.85 101.40 -8.77 -1.16 2.58 3.03 0.04 0.15 20 0.980 6.220 24 
Ceetox 20090211 A/A E2 3.41 109.50 -8.74 -1.24 2.52 2.94 0.04 0.15 20 0.983 6.215 24 
Bayer B A/A E2 -0.49 101.00 -9.00 -1.09 0.54 0.74 0.01 0.03 20 0.999 1.332 24 
Bayer C A/A E2 -0.53 99.55 -9.02 -1.10 0.53 0.74 0.01 0.03 20 0.999 1.323 24 
Bayer D A/A E2 -0.26 99.27 -9.02 -1.07 0.53 0.74 0.01 0.03 20 0.999 1.305 24 
Bayer E A/A E2 -1.39 102.70 -9.03 -1.13 0.66 0.92 0.01 0.04 20 0.999 1.659 24 
Bayer F A/A E2 -0.61 102.80 -9.10 -1.16 0.67 0.99 0.01 0.04 20 0.998 1.755 24 
Bayer G A/A E2 0.60 88.15 -8.95 -1.59 1.33 1.52 0.02 0.14 20 0.993 3.549 24 
CERI 91224 A/A E2 -0.93 92.45 -8.96 -1.37 1.32 1.59 0.02 0.10 20 0.994 3.418 24 
CERI 100107 A/A E2 -0.86 99.42 -8.99 -1.42 1.15 1.46 0.02 0.09 20 0.996 3.072 24 
CERI 100108 A/A E2 -3.53 101.80 -8.96 -1.28 2.03 2.58 0.03 0.13 20 0.988 5.207 24 

Lovelace 1/13/2009 A/A E2 4.36 102.00 -9.29 -1.14 2.22 3.85 0.04 0.15 20 0.978 6.074 24 
Lovelace 1/16/2009 A/A E2 -6.62 97.30 -9.48 -0.76 4.02 8.38 0.08 0.16 20 0.947 8.950 24 
Lovelace 1/6/2009c A/U E2 7.57 160.6a -8.53 -0.82 13.77 21.13 0.21 0.35 20 0.802 29.890 24 
Lovelace 1/8/2009c U/A E2 0.13 152.2a -9.43 -0.55 13.85 79.51 0.21 0.40 20 0.728 25.630 24 
Lovelace 12/31/2008c U/U E2 2.47 88.52b -10.99 -0.61 1.03 33.56 0.04 0.14 20 0.981 2.301 24 

U. Missouri 4001 A/A E2 -1.15 101.90 -9.13 -0.80 3.08 5.12 0.05 0.12 20 0.972 6.754 24 
U. Missouri 4002 A/A E2 0.86 105.70 -9.11 -0.85 1.93 3.23 0.03 0.08 20 0.989 4.425 24 
U. Missouri 4003 A/A E2 0.74 102.70 -8.85 -1.21 5.00 6.10 0.08 0.30 20 0.930 12.390 24 
U. Missouri 4005 A/A E2 -0.20 95.96 -9.13 -1.06 2.28 3.37 0.04 0.13 20 0.981 5.701 24 
U. Missouri 4006 A/A E2 -0.69 102.50 -9.08 -1.03 2.16 3.21 0.04 0.11 20 0.985 5.342 24 
U. Missouri 4007 A/A E2 0.45 95.29 -9.15 -0.96 2.02 3.09 0.04 0.10 20 0.985 4.856 24 
U. Missouri 5003 A/A E2 -1.04 94.90 -8.97 -1.37 2.41 2.97 0.04 0.19 20 0.980 6.278 24 
U. Missouri 5010 A/A E2 -1.60 100.40 -9.27 -1.16 1.58 2.59 0.03 0.10 20 0.990 4.275 24 
U. Missouri 4001 2m A/A E2 0.38 88.43 -9.09 -1.07 2.62 3.57 0.05 0.16 20 0.972 6.390 24 
U. Missouri 5005c A/U E2 0.74 107.20 -8.91 -1.39 1.61 2.01 0.02 0.12 19 0.992 4.234 23 
U. Missouri 5007 stds 

only_E2 A E2 1.33 100.20 -9.14 -1.17 1.39 2.10 0.02 0.09 20 0.993 3.677 24 
a Green shaded (Cell) Run was classified as unacceptable during the 2011 SMT (U.S.EPA) review and Battelle Data Analysis due to the high 
value for top of curve (>125%).  However, the data provided a strong concentration-dependent curve and LogIC50 consistent with 17-β estradiol. 
b Green shaded (Row) Run was classified as unacceptable during the 2011 SMT (U.S.EPA) review and Battelle Data Analysis due to inconsistent 
replication at each concentration and low top of curve.  Run was not used in data analysis for Table 26. 
c Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the CERI assay.  
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Table 24. CERI Assay.  Subtask 1. PRISM fit parameters for the weak binder, norethynodrel 
Laborator

y Run ID Acceptable 
(E2/NE) Chemical 

PRISM Fit Parameters  

Bottom Top  LogIC50 HillSlope Bottom 
SEM 

Top 
SEM 

LogIC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

CeeTox 20090207 A/A NE 1.20 96.28 -5.94 -0.86 2.04 0.91 0.02 0.05 20 0.996 2.135 24 
CeeTox 20090208 A/A NE 2.71 94.59 -5.86 -0.97 2.43 1.04 0.02 0.07 20 0.994 2.731 24 
CeeTox 20090211 A/A NE 0.71 96.99 -5.73 -0.96 3.19 1.17 0.03 0.09 20 0.992 3.157 24 
Bayer B A/A NE -1.26 97.70 -6.32 -0.95 1.31 0.86 0.01 0.04 20 0.998 1.931 24 
Bayer C A/A NE -1.05 96.84 -6.39 -0.96 2.18 1.52 0.02 0.07 20 0.993 3.336 24 
Bayer D A/A NE -0.80 95.48 -6.49 -1.02 1.37 1.04 0.02 0.05 20 0.997 2.288 24 
Bayer E A/A NE -1.89 100.00 -6.55 -1.01 1.45 1.19 0.02 0.05 20 0.997 2.509 24 
Bayer F A/A NE -1.11 101.00 -6.58 -1.02 1.10 0.93 0.01 0.04 20 0.998 1.949 24 
Bayer G A/A NE -1.94 103.10 -6.56 -1.02 0.89 0.75 0.01 0.03 20 0.999 1.570 24 
CERI 91224 A/A NE -7.02 97.85 -6.28 -0.72 3.12 1.77 0.03 0.06 20 0.993 3.205 24 
CERI 100107 A/A NE -5.56 97.09 -6.16 -0.88 3.79 2.03 0.03 0.09 20 0.986 4.619 24 
CERI 100108 A/A NE -4.65 100.40 -6.10 -0.93 3.88 2.08 0.04 0.10 20 0.985 4.961 24 

Lovelace 1/13/2009 A/A NE 4.21 106.00 -6.00 -0.92 4.02 2.21 0.04 0.11 20 0.983 5.143 24 
Lovelace 1/16/2009 A/A NE -4.84 90.95 -6.20 -0.86 3.79 1.97 0.04 0.10 20 0.985 4.438 24 
Lovelace 1/6/2009c A/U NE -4.78 191.5a -5.59 -0.78 8.93 4.85 0.06 0.10 20 0.982 9.716 24 
Lovelace 1/8/2009c U/A NE -2.48 129.20 -6.03 -0.80 6.22 3.87 0.05 0.11 20 0.977 7.628 24 

Lovelace 12/31/2008
c U/U NE 3.91 58.7b -6.88 -0.89 2.28 1.21 0.07 0.11 20 0.982 2.768 24 

U. Missouri 4001 A/A NE 2.03 107.40 -6.00 -0.90 4.02 2.18 0.04 0.10 20 0.985 5.025 24 
U. Missouri  4002 A/A NE 1.26 101.10 -6.03 -1.01 3.12 1.68 0.03 0.10 20 0.988 4.281 24 
U. Missouri 4003 A/A NE 10.18 113.60 -5.92 -1.09 9.87 5.61 0.11 0.34 20 0.890 14.660 24 
U. Missouri 4005 A/A NE -3.78 104.70 -5.89 -0.76 7.64 3.17 0.06 0.13 20 0.970 6.650 24 
U. Missouri 4006 A/A NE 2.72 100.90 -5.90 -1.10 4.76 2.34 0.05 0.17 20 0.972 6.503 24 
U. Missouri 4007 A/A NE 0.44 95.21 -6.02 -0.92 6.59 2.75 0.05 0.16 19 0.962 6.659 23 
U. Missouri 5003 A/A NE 9.20 99.19 -6.44 -0.85 7.01 5.74 0.09 0.23 20 0.918 10.620 24 
U. Missouri 5007 A/A NE 6.31 104.00 -6.16 -0.94 3.97 2.54 0.04 0.12 20 0.979 5.675 24 
U. Missouri 5010 A/A NE -1.50 99.46 -6.69 -1.06 1.14 1.07 0.01 0.05 20 0.997 2.182 24 
U. Missouri 4001 2m A/A NE 0.54 103.70 -6.03 -0.84 5.11 2.70 0.05 0.12 20 0.977 5.860 24 
U. Missouri 5005c A/U NE -3.31 108.8a -6.03 -0.66 8.18 4.13 0.06 0.12 20 0.9684 6.883 24 
a Green shaded (cell) Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to the high 
value for top of curve (>125%).   However, the data provided a strong concentration-dependent curve and LogIC50 consistent with norethynodrel. 
b Green shaded (row) Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to inconsistent 
replication at each concentration and low top of curve. Run was not used in data analysis for Table 26. 
c Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the CERI assay.  
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Table 25. CERI Assay.  Subtask 1. Runs submitted for negative control, dibutylphalate. 
Laboratory Run ID Acceptable 

(E2/NE) Chemical 
PRISM Fit Parameters  

Bottom  Top  LogIC50  HillSlope  Bottom 
SEM 

Top 
SEM 

LogIC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

Ceetox 20090207 A/A DBP  a                     21 
Ceetox 20090208 A/A DBP                       21 
Ceetox 20090211 A/A DBP                       21 
Bayer* B A/A DBP                       21 
Bayer C A/A DBP                       21 
Bayer D A/A DBP                       21 
Bayer E A/A DBP                       21 
Bayer F A/A DBP                       21 
Bayer G A/A DBP                       21 
CERI 91224 A/A DBP                       21 
CERI 100107 A/A DBP                       21 
CERI 100108 A/A DBP                       21 

Lovelaceb 13-Jan-09 A/A DBP   99.45       2.40     17 0.948 8.300 21 
Lovelace 16-Jan-09 A/A DBP                       21 
Lovelace 6-Jan-09c A/U DBP                       20 
Lovelace 8-Jan-09c U/A DBP                       21 

Lovelaceb 31-Dec-
08c U/U DBP 44.33 58.93     121.40 1.26     17 0.621 4.376 21 

U. Missouri 4001 A/A DBP                       6 
U. Missouri 4002 A/A DBP                       6 
U. Missouri 4003 A/A DBP                       21 
U. Missouri 4005 A/A DBP                       21 
U. Missouri 4006 A/A DBP                       21 
U. Missouri 4007 A/A DBP                       21 
U. Missouri 5003 A/A DBP                       20 
U. Missouri 5007 A/A DBP                       21 
U. Missouri 5010 A/A DBP                       21 
U. Missouri 4001 2m A/A DBP                       9 
U. Missouri 5005c A/U DBP                       21 

aBlank cells indicate that the data supported the classification of the chemical as a non-binder. Thus, no PRISM fit parameters were derived. 
b Green shaded (row) Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to inconsistent 
replication at each concentration and ambiguous PRISM fit. Missing data in cells indicate the ambiguous fit of the PRISM model. 
c Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the CERI assay.  
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Figure 5. CERI Assay, Subtask 1, Controls (Reference estrogen and weak binder) 
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101. A comparison of the LogIC50s (mean ± SD) for each laboratory is provided in Table 26.  
The overall mean LogIC50 for all the laboratories was -9.03 ± 0.20 (n=27) for 17 β-estradiol and 
-6.14 ± 0.28 (27) for norethynodrel. 
 
Table 26. CERI Assay.  Subtask 1. Comparison of classifications for the reference 

estrogen, weak binder and negative controls. 

Laboratory 17 β-estradiola 
(log IC50) 

Norethynodrel 
(Log IC50) Di-n-butyl phthalatec 

Ceetox -8.76 + 0.021b 
(3/3)d 

-5.84 + 0.106  
(3/3)  

Non-binder 
 (3/3) 

Bayer* -9.02 + 0.049 
(6/6) 

-6.48 + 0.105 
(6/6) 

Non-binder 
 (6/6) 

CERI -8.97 + 0.017 
(3/3) 

-6.18 + 0.092 
(3/3) 

Non-binder 
 (3/3) 

Lovelace -9.18 + 0.442 
(4/5) 

-5.96 + 0.259 
(4/5) 

Non-binder 
 (3/5) 

Missouri  -9.075 + 0.120 
(11/11) 

-6.10 + 0.248 
(11/11) 

Non-binder 
 (11/11) 

*Bayer laboratory submitted subtask 2 control data for demonstration of assay proficiency. 
a Reference estrogen.  
b Mean ± SD. 
c Di-n-butyl phthalate only tested up to 100 uM. 
d Number of runs correctly classified as a ‘binder’ or ‘non-binder’ as compared to total number of runs 
conducted by the laboratory.  (n/total runs conducted). 
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b. FW Assay 
 
102. Prism fit parameters are shown in Table 27 (17β-estradiol) and Table 28 (norethynodrel) 
for all runs submitted by the laboratories when using the FW assay.  The green highlights 
indicate runs that were classified as unacceptable during the uniform review of PRISM fit 
parameters by 2 members of the SMT (Section III.A.2).  Most of the “unacceptable” runs had 
PRISM fit estimates for top plateaus that were markedly different from the expected value of 
100%, but other factors such as exceptionally steep or shallow slopes were also considered.  
However, many of the unacceptable binding curves with elevated top plateaus demonstrated a 
clear concentration-dependent inhibition of hrER binding and produced LogIC50s that were 
consistent with each respective control.  The number of runs where there was inconsistent 
replication and no defining concentration dependent response was limited to 3 runs for 17β-
estradiol, and 1 run for norethynodrel. 
 
103. All of the runs for DBP demonstrated a clear negative (non-binder) response (Table 29). 
 
104. The competitive binding curves for each of the two control ER binders are shown in 
Figure 6 for each of the laboratories.  Overall, each laboratory demonstrated proficiency for 
conducting the competitive binding experiment. The U. Missouri and Lovelace laboratories 
produced competitive binding curves with greater variation of the PRISM fit parameters. Again, 
many of the curves from these laboratories reflected abnormally high estimates for the top of 
the curve.   
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Table 27. FW Assay.  Subtask 1.  PRISM fit parameters for the reference estrogen, 17β-estradiol.) 
Laboratory Run ID Acceptable 

(E2/NE) 

PRISM Fit Parameters 

Bottom Top LogIC50 HillSlope Bottom 
SEM 

Top 
SEM 

LogIC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

CeeTox 20081123 A 2.03 93.84 -8.74 -1.55 2.34 2.89 0.04 0.25 23 0.973 7.218 27 
CeeTox 20081218 A 0.29 103.80 -8.78 -0.96 2.79 4.95 0.05 0.15 22 0.969 7.773 26 
CeeTox 20081124 U -0.09 81.73 -8.93 -1.06 2.62 3.72 0.07 0.20 23 0.958 7.469 27 

U.Konstanz Assay03 A 1.47 92.85 -8.85 -1.28 3.32 4.60 0.07 0.28 23 0.944 10.030 27 

U.Konstanz Assay01 U 0.18 .* -10.40 -0.65 2.55 . 0.08 0.09 23 0.952 9.093 27 

U.Konstanz Assay02 U -0.19 130.5b -8.72 -0.70 2.48 4.94 0.04 0.07 23 0.985 6.070 27 
Bayer A A 0.30 97.65 -8.89 -1.14 0.74 1.13 0.01 0.05 23 0.997 2.212 27 
Bayer B A 0.56 96.22 -8.89 -1.13 0.66 0.99 0.01 0.05 23 0.998 1.943 27 
Bayer D A 0.14 106.40 -9.01 -0.93 0.66 1.23 0.01 0.03 23 0.998 1.917 27 
Bayer E DMSO(A) -0.51 114.40 -8.99 -0.86 0.72 1.42 0.01 0.03 23 0.998 2.038 27 
Bayer F DMSO(A) 0.20 106.50 -9.08 -0.91 0.73 1.43 0.01 0.04 23 0.998 2.125 27 
Bayer G DMSO(A) -0.20 93.13 -9.11 -0.95 1.00 1.80 0.02 0.06 23 0.994 2.898 27 
CERI 20090113_01 A 0.75 94.01 -8.83 -1.15 0.80 1.14 0.02 0.06 23 0.997 2.340 27 
CERI 20090121_02 A 0.01 100.80 -8.76 -1.11 0.95 1.36 0.02 0.06 23 0.996 2.769 27 
CERI 20090128_03 A 0.76 97.34 -8.74 -1.16 0.70 0.95 0.01 0.05 23 0.998 2.032 27 

Lovelace 13-Dec-08 A 5.68 111.60 -8.86 -1.04 3.20 5.41 0.06 0.19 23 0.957 9.489 27 
Lovelace 3-Dec-08c U 4.67 169.6

b
 -8.58 -0.78 5.97 11.55 0.10 0.16 22 0.947 15.110 26 

Lovelace 9-Dec-08c U 0.74 178.3
b
 -8.75 -0.94 8.68 17.37 0.14 0.27 23 0.883 25.690 27 

Lovelace 16-Dec-08c U 14.21 106.1
a
 -9.15 -4.51 3.07 4.87 0.09 2.46 23 0.937 11.840 27 

Lovelace 27-Jan-09c U 2.33 132.6
b
 -8.84 -0.83 5.71 11.59 0.10 0.21 23 0.911 15.870 27 

U. Missouri 7003 A 0.56 111.30 -8.92 -1.09 1.03 1.03 0.02 0.08 23 0.997 3.053 27 
U. Missouri 7004 A -0.09 112.90 -8.87 -0.92 1.84 1.80 0.05 0.10 23 0.991 5.144 27 
U. Missouri 7005 A -0.39 105.70 -8.92 -0.88 2.30 2.23 0.06 0.12 23 0.985 6.290 27 

U. Missouri 7006 A -0.57 107.40 -8.86 -0.99 1.83 2.98 0.03 0.10 23 0.987 5.277 27 

U. Missouri 7007 A 0.12 109.20 -8.92 -0.96 1.16 2.03 0.02 0.06 23 0.995 3.368 27 
U. Missouri 3006c U -5.69 155.3

b
 -9.52 -0.36 5.09 47.38 0.07 0.10 23 0.968 6.312 27 

* Green shaded (row).  Run classified as unacceptable during the 2011 SMT (U.S.EPA) review and Battelle Standardized Data Analysis due to 
ambiguous curve fit and absence of top plateau. Missing data for these runs reflect an ambiguous curve fit. Data not used in Table 30. 
a Green shaded (row). Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to inconsistent 
replication of data points and no defining concentration dependent response. Data not used in Table 30.  
b Green shaded (cell). Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to the high 
value for top of curve (>125%).  However, the data provided a strong concentration-dependent curve and LogIC50 consistent with 17β-estradiol. 
 
c Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the FW assay.  
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Table 28. FW Assay.  Subtask 1.  PRISM fit parameters for the weak binder, norethynodrel. 
Laboratory Run ID Acceptable 

(E2/NE) 

PRISM Fit Parameters 

Bottom Top LogIC50 HillSlope Bottom 
SEM 

Top 
SEM 

LogIC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

Ceetox 20081123 A 9.56 87.25 -6.18 -1.59 2.76 2.52 0.05 0.28 20 0.970 6.408 24 
Ceetox 20081124 A 0.52 87.70 -6.34 -0.93 4.85 4.00 0.06 0.18 20 0.960 7.255 24 
Ceetox 20081218 A 4.30 93.44 -6.21 -1.18 3.17 2.80 0.04 0.18 20 0.976 6.063 24 

U.Konstanz Assay03 A 3.19 100.30 -5.57 -1.13 8.18 3.14 0.06 0.26 20 0.956 8.268 24 
U.Konstanz Assay01c U 15.80 205

a
 -5.24 -1.25 11.91 6.39 0.09 0.27 20 0.958 16.870 24 

U.Konstanz Assay02c U -9.91 133.2
b
 -5.52 -0.66 11.00 3.96 0.05 0.10 20 0.985 5.954 24 

Bayer A A 2.75 101.10 -6.35 -0.95 1.29 1.32 0.02 0.05 20 0.997 2.249 24 
Bayer B A 3.57 97.67 -6.40 -0.95 1.39 1.46 0.02 0.06 20 0.996 2.464 24 
Bayer D A 1.54 108.20 -6.15 -0.89 1.47 1.24 0.02 0.04 20 0.998 2.140 24 
Bayer E DMSO(A) 1.36 99.88 -6.37 -0.89 1.18 1.18 0.01 0.04 20 0.998 1.930 24 
Bayer F DMSO(A) 3.15 100.40 -6.46 -1.00 1.70 1.96 0.02 0.08 20 0.993 3.341 24 
Bayer G DMSO(A) 4.95 86.43 -6.45 -1.16 1.21 1.27 0.02 0.08 20 0.995 2.534 24 
CERI 20090113_01 A 1.17 90.23 -6.59 -0.93 1.48 1.69 0.02 0.07 20 0.994 2.717 24 
CERI 20090121_02 A 2.28 99.31 -6.58 -0.92 0.86 1.09 0.01 0.04 20 0.998 1.648 24 
CERI 20090128_03 A 0.94 99.90 -6.51 -0.85 1.27 1.44 0.02 0.04 20 0.997 2.121 24 

Lovelace 3-Dec-08c U 8.10 131.7
b
 -5.54 -0.70 14.25 7.33 0.10 0.20 20 0.939 11.170 24 

Lovelace 9-Dec-08c U -8.33 137.5
b
 -5.70 -0.70 17.03 8.68 0.09 0.20 20 0.939 13.140 24 

Lovelace 13-Dec-08c U 17.29 106.7
b
 -5.88 -1.29 4.03 3.19 0.06 0.25 20 0.964 7.639 24 

Lovelace 27-Jan-09c U -4.77 114.6
b
 -6.46 -0.65 8.13 9.21 0.07 0.16 20 0.952 9.345 24 

U. Missouri 3006 A 3.66 90.53 -6.64 -1.08 1.62 2.08 0.03 0.10 20 0.990 3.595 24 
U. Missouri 7003 A 0.82 102.20 -6.36 -0.95 1.54 1.57 0.02 0.06 20 0.996 2.705 24 
U. Missouri 7004 A 0.74 109.30 -6.40 -0.94 2.14 2.41 0.03 0.08 20 0.992 3.954 24 
U. Missouri 7005 A 0.10 101.20 -6.47 -0.89 1.40 1.55 0.02 0.05 20 0.996 2.421 24 
U. Missouri 7006 A 1.23 110.60 -6.47 -0.79 3.36 4.08 0.04 0.10 20 0.984 5.359 24 
U. Missouri 7007 A 0.92 107.80 -6.40 -0.84 1.45 1.58 0.02 0.04 20 0.997 2.342 24 
a Green shading (row), Run was classified as unacceptable during the 2011 SMT (U.S.EPA) review and Battelle Data Analysis due to inconsistent 
replication of data points and  the high value for top of curve (>125%). Data not used in Table 30.  
b Green shading (cell), Run was classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Data Analysis due to the low 
(<85%) or  high value for top of curve (>125%).   However, the data provided a strong concentration-dependent curve and a LogIC50 consistent 
with norethynodrel. 
c Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the FW assay.  
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Table 29. FW Assay.  Subtask 1. Runs submitted for non-binder, Di-n-butyl phthalatea. 
Laborator

y Run ID Acceptable (E2/NE) Chemical 
PRISM Fit Parameters 

Bottom Top Log 
IC50 

Hill 
Slope 

Bottom 
SEM 

Top 
SEM 

Log IC50 
SEM 

Hillslope 
SEM DF R2 Syx N 

Ceetox 20081123 A/A DBP . . . . . . . . . . . 21 
Ceetox 20081218 A/A DBP . . . . . . . . . . . 21 
Ceetox 20081124b U/A DBP . . . . . . . . . . . 21 

U. 
Konstanz Assay03 A/A DBP . . . . . . . . . . . 21 

U. 
Konstanz Assay01b U/U* DBP . . . . . . . . . . . 21 

U. 
Konstanz Assay02b U/U* DBP . . . . . . . . . . . 21 

Bayer A A/A DBP . . . . . . . . . . . 21 
Bayer  B A/A DBP . . . . . . . . . . . 21 
Bayer D A/A DBP . . . . . . . . . . . 21 
Bayer E DMSO(A)/DMSO(A) DBP . . . . . . . . . . . 21 
Bayer F DMSO(A)/DMSO(A) DBP . . . . . . . . . . . 21 
Bayer G DMSO(A)/DMSO(A) DBP . . . . . . . . . . . 21 
CERI 20090113 A/A DBP . . . . . . . . . . . 21 
CERI 20090121 A/A DBP . . . . . . . . . . . 21 
CERI 20090128 A/A DBP . . . . . . . . . . . 21 

Lovelace 13-Dec-08 A/U DBP . . . . . . . . . . . 21 
Lovelace 3-Dec-08b U/U* DBP . . . . . . . . . . . 21 
Lovelace 27-Jan-09b U/U* DBP . . . . . . . . . . . 21 

U. Missouri 7003 A/A DBP . . . . . . . . . . . 21 
U. Missouri 7004 A/A DBP . . . . . . . . . . . 20 
U. Missouri 7005 A/A DBP . . . . . . . . . . . 20 
U. Missouri 7006 A/A DBP . . . . . . . . . . . 20 
U. Missouri 7007 A/A DBP . . . . . . . . . . . 20 
U. Missouri 3006b U/A DBP . . . . . . . . . . . 21 

*Green shaded (cell). Run classified as unacceptable during the 2011 SMT (U.S. EPA) review and Battelle Standardized Data Analysis because 
the data for the accompanying controls (reference estrogen and norethynodrel) were classified as unacceptable.    
aBlank cells indicate that the data supported the classification of the chemical as a non-binder. Thus, no PRISM fit parameters were estimated.  
b Since this run was classified as unacceptable during the 2011 SMT (U.S.EPA) review, these data were not used for the development of 
performance standards for the FW assay.  
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Figure 6. FW Assay, Subtask 1, Controls (Reference estrogen and weak 
binder) 
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105. A comparison of the LogIC50s (mean ± SD) for the laboratories is shown in Table 
30.  The overall mean for all the laboratories for the LogIC50 for 17 β-estradiol was -8.86 
± 0.18 (n=20) and -6.22 ± 0.36 (n=21) for norethynodrel. 
 
Table 30. FW Assay, Subtask 1, Comparison of Classifications and IC50s for 

Controls among the Laboratories 

Laboratory  17 β-estradiola 

logIC50  
Norethynodrel 

logIC50  
Di-n-butyl phthalatec  

Ceetox -8.76 + 0.028b  
(2/3)d 

-6.24 + 0.085 
(3/3) Non-binder (3/3) 

U.Konstanz 
 

-8.79 + 0.092  
(2/3) 

-5.55 + 0.035 
(2/3) Non-binder (3/3) 

Bayer* 
 

-8.93 + 0.069  
(3/3) 

-6.30 + 0.132 
(3/3) Non-binder (6/6) 

CERI 
 

-8.77 + 0.047 
(3/3) 

-6.56 + 0.044 
(3/3) Non-binder (3/3) 

Lovelace -8.76 + 0.128 
(4/5) 

-5.90 + 0.401 
(4/4) Non-binder (3/3) 

U. Missouri  -9.00 + 0.255 
(6/6) 

-6.46 + 0.100 
(6/6) Non-binder (6/6) 

*Bayer laboratory submitted subtask 2 control data for demonstration of assay proficiency.  
aReference estrogen.  
bMean ± SD (n);  n=number of runs classified as ‘binder’ (see ratio of runs with correct 
classification as indicated in parenthesis within each laboratory. 
cDi-n-butyl phthalate (DBP) tested up to 100 uM. 
dNumber of runs classified as ‘binder’ or ‘non-binder’ as compared to total number of runs 
conducted by laboratory. 
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c. Summary Subtask 1 
 
106. Overall, each laboratory demonstrated proficiency when conducting both of the 
hrER binding assays by providing competitive binding curves that were consistent with 
the expected results for the reference estrogen and weak binder.  In addition, each 
laboratory was successful in demonstrating that the negative control was a non-binder.  
Table 31 shows a comparison of the overall results for the CERI and FW assays when 
all runs submitted by the laboratories were combined. There was excellent concordance 
between the two assays for the overall LogIC50s for 17β-estradiol and norethynodrel. 
These data can be used as the foundation to describe additional measures of assay 
performance.  Finally, results from this subtask demonstrate the international 
transferability of the protocols,  
 
Table 31. Comparison of the CERI and FW Assay, Subtask 1, Controls 
   CERI Assay 

Mean ± SD (n) 
FW Assay  

Mean ± SD (n) 
Reference estrogen 

(17β-estradiol)   

LogIC50 -9.03 ± 0.20 (27) -8.88 ±0.18 (23) 
R2 0.97 ± 0.06 (27) 0.97 ± 0.03 (23) 

   
Weak Binder 

(Norethynodrel)   

Log IC50 -6.14 ± 0.28 (27) -6.22 ± 0.34 (24) 
R2 0.98 ± 0.02 (27) 0.98 ± 0.02 (24) 
   

Non-binder 
Di-n-butyl phthalatea 

  

Non-binder 27/29 total runsb 24/24 total runsb 
aWhen used as a control, di-n-butyl phthalate was tested up to 10-4M.  
bNumber of runs with DBP classified as a ‘non-binder’ as compared with total runs. 
cData analysis (Appendix L) 
 
 
 
 
 

2. Subtask 2:  Uncoded chemicals 
 
107. As described earlier (Table 22), in Subtask 2 laboratories tested nine uncoded 
well-characterized chemicals that represented a range of affinities for the ER.  The 
reference estrogen and weak binder (17β-estradiol and norethynodrel, respectively) as 
well as the negative (DBP, non-binder) controls were to be included with each run.  
Curve fits and statistical analyses for subtask 2 were conducted by an independent 
contractor and were restricted to test runs that were both 1) judged acceptable runs 
based on review of the PRISM fit parameters for either of the concurrent positive 
controls (17β-estradiol and norethynodrel); and 2) classified as an acceptable run by the 
submitting laboratory.  Following a technical review of the standardized statistical 
analysis, some of the runs were reanalyzed after the 10% rule was applied to chemicals 
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with an equivocal classification (see Section II.A.2).  Individual runs of each test 
chemical were classified as a binder, non-binder or equivocal based upon the 
characteristics of its unconstrained 4-parameter logistic regression fit (GraphPad Prism, 
see Section III.A.2).  Classifications for each chemical within a participating lab were 
combined by assigning values to each run and averaging across the runs. Both a simple 
average and an average weighted by the number of runs were conducted.  Overall the 
simple and weighted averages were in agreement (see Appendix F). Therefore, only the 
simple averages are shown in the tables for subtask 2.  Once the independent uniform 
classifications were determined¸ a technical review of the data was undertaken to 
investigate any unexpected classifications in greater detail. 
 

a. CERI Assay 
 
Table 32. CERI Assay. Subtask 2.  uncoded test chemicals 

Chemical Expected 
Result CeeTox Lovelace Missouri Bayer CERI Simple 

Average 

Butyl paraben  
 Binder Binder Binder Binder Binder Binder Binder 

Corticosterone 
 

Non-Binder Non-Binder Equivocal Non-Binder Non-Binder Non-Binder Non-Binder 

o, p’-DDT a 

 
Binder Binder Binder Binder Binder Binder Binder 

Diethylstilbestrol  
 Binder Binder Binder Binder Binder Binder Binder 

Ethynyl estradiol 
 Binder Binder Equivocal Binder Binder Binder Binder 

Equol  
 Binder Binder Equivocal Binder Binder Binder Binder 

Genistein 
 Binder Binder Equivocal Binder Binder Binder Binder 

Meso-Hexestrol  
 Binder Binder Binder Binder Binder Binder Binder 

Nonylphenol  
 Binder Binder Binder Binder Binder Binder Binder 

Green Shaded cells: Indicate chemical classifications that are inconsistent with expected result.  
ao,p’-DDT:  1,1,1,-trichloro-2-[o-chlorophenyl]-2-[p-chlorophenyl]ethane  
 
108. Using the CERI assay, the overall average classification as binders or non-
binders was in agreement with the expected result for all uncoded compounds tested 
(Table 32).  Results for the individual labs indicated that four of the five participating 
laboratories correctly identified all binders and non-binders.  The fifth laboratory 
(Lovelace) had 5 compounds for which the statistical classification was equivocal rather 
than a clear binder or non-binder.  Two expected non-binders, DBP and corticosterone 
(Cort), and 3 binders, ethynyl estradiol (EE2), equol, and genistein (Gen), were each 
classified as equivocal based on the uniform classification analysis. 
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109. Review of the data used for the classification process indicated that the Lovelace 
laboratory had difficulty obtaining consistent results for the non-binders (corticosterone, 
DBP) when conducting the CERI assay.  The independent statistical analysis indicated 
there were three testable runs for corticosterone with an average classification of 1 or 
equivocal.  Technical review of the three testable Lovelace runs indicated that the data 
were highly variable and runs yielded inconsistent results (Fig 7).  While the data is far 
from optimal, runs labeled 2/27/2009T and 5/6/2009T (Fig 7A & 7C demonstrate no 
clear inhibition of radioligand binding by increasing concentrations of corticosterone.  
The poor quality of the data in these two runs led to corticosterone classification as 
equivocal in each run.  A curve could be fit to run 5/5/2009 (Fig 7B).  The parameters 
obtained for the run, however, were not as expected for a compound that competitively 
inhibits binding to the ER.  This run conformed poorly to the 4-parameter non-linear 
regression model.  The slope of the line was -0.149 which is well below the target of -
1.0.  As the data was fit without constraints, this also led to the software extrapolating 
the bottom of the curve to an unreasonably low value (-2.4 x 10-7).  The reasons for the 
variability and inconsistency of the corticosterone runs performed at the Lovelace lab 
are unknown.  It does appear, however, that this issue was specific to one lab. 
 
 
Figure 7. CERI Assay: Subtask 2, Lovelace corticosterone runs 
 

 
 
 
 
110. As mentioned earlier there were also three binders classified as equivocal for the 
Lovelace lab, ethynylestradiol (EE2), equol and genistein.  There were four testable 
runs of EE2 by the Lovelace lab.  Each of the four runs was classified as equivocal due 
an inability to fit all parameters of the regression model.  Review of the Lovelace data 
for EE2 suggests that this compound did reduce radioligand binding to the ER and, in 
fact, suggested that it was a binder and very potent estrogen (i.e. reduced radioligand 
binding at relatively low concentrations) (Fig 8 A-D).  Since the data was fit without 
constraint, however, the top of the curve could not be fit due to lack of data at lower 
concentrations. This led to an ambiguous fit and the equivocal classification using the 
standardized approach.  Notably, the other four labs used the same concentration range 
(as prescribed by the CERI assay) but did achieve a near full curve with the resultant 
curves shifted slightly to the right.  This suggests the possibility of an error in the stock 
solution or its dilution resulting in the Lovelace lab testing slightly higher concentrations 
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than the other labs but that is speculation and not confirmed.  Further, the protocol for 
the CERI assay instructed that if the top of the curve could not be obtained in the 
specified range that the compound should be tested again using lower concentrations.  
However, this was not done; therefore a full curve including lower doses was not 
submitted. 
 
 
 
Figure 8. CERI Assay: Subtask 2, Lovelace ethynyl estradiol runs 
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111. Lovelace had 3 acceptable and testable runs for equol that resulted in an overall 
classification of equivocal (Fig 9 A-C).  Two of these runs were classified as equivocal 
based on the inability to fit the data to the model resulting in one or more parameters 
that could not the estimated (Fig. 9 A & B).  An additional issue in the run of 5/6/2009T 
(Fig 10 B) is the presence of a top plateau at just over 50% rather than near 100% as 
would be expected.  This suggests that the run should have been classified as an 
unacceptable run.  The third run was classified as a 2 or binder (Fig 9 C). 
 
Figure 9. CERI Assay: Subtask 2, Lovelace equol runs 

    
 
 
 
 
 
 
 
112. The third expected binder classified as equivocal based on the Lovelace data 
was genistein, however, this classification was based on only one acceptable run of 
genistein when the goal was to have three runs of each compound.  (Fig 10).  As with 
two of the runs for equol the equivocal classification was based on the inability of the 
data to fit the regression model. 
 
 
 
Figure 10. CERI Assay: Subtask 2 Lovelace genistein run 
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b. FW Assay 
 
113. Results for the classification of test chemicals for subtask 2 when using the FW 
assay are shown in Table 33.   
 
Table 33. FW Assay, Subtask 2, hrERα competitive binding using uncoded test 

chemicals  

Chemical  Expected 
Result CeeTox Lovelace U. 

Missouri Bayer CERI U. 
Konstanz 

Simple 
Average 

Butyl paraben 
  

Binder 
Binder Binder Binder Binder Binder Binder Binder 

Corticosterone 
 

Non-Binder Non-
Binder Binder Non-Binder Non-Binder 

Non-
Binder Non-bindera Non-Binder 

o, p’-DDTb  
 

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Diethylstibesterol  
 

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Ethynyl estradiol 
 

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Equol  
 

Binder  
Binder § Binder Binder Binder Binder Binder 

Genistein 
 

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Meso-Hexestrol 
  

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Nonylphenol  
 

Binder  
Binder Binder Binder Binder Binder Binder Binder 

Green shading. Indicates that the classification is inconsistent with expected result. 
§ No Acceptable runs in Task 2 
 a Classification was changed after follow-up data review as discussed below. 
bo,p’-DDT:  1,1,1,-trichloro-2-[o-chlorophenyl]-2-[p-chlorophenyl]ethane  
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114. When using the FW assay, five of the six participating laboratories correctly 
identified all compounds as binders or non-binders when compared to the expected 
results.  During the technical review, the classification of one compound, corticosterone, 
as ‘equivocal’ for the U. Konstanz (a.k.a. Dietrich) lab was changed to non-binder.  
Review indicated that the equivocal classification was based on two acceptable runs for 
corticosterone (assays 16 and 06). Both of these runs were given a “1” (equivocal) 
classification (Fig 11 A & B).  One additional run of corticosterone (run 15; Fig 11 C) 
was excluded because the 17β-estradiol control from that run had been judged 
unacceptable.  Run 06 was classified as equivocal because maximal binding only 
reached ~65% (hence was between the 75% and 50% criteria for an equivocal call) 
instead of ~100% as would be expected.  In run 16 (Fig 11 A), follow-up application of 
the 10% rule to all the compounds with equivocal classifications, resulted in exclusion of 
all the concentrations in the red box so classification of this run remained a “1” or 
equivocal.  As shown in the graphs below , however, it is evident there was no 
competition with the radioligand for binding to the ER with increasing concentrations of 
corticosterone as would be expected for a competitive binder.  Also the 10% rule was 
inappropriately applied to run 16 (Fig 11A).  Therefore the classification for 
corticosterone tested by U. Konstanz was changed to non-binder in Table 33. 
 
Figure 11. FW Assay: Subtask 2, U.Konstanz, corticosterone runs 
 

   
 
 
 
 
 
 
 
 
115. The data from the Lovelace lab yielded classifications for two compounds 
inconsistent with expectations.  Corticosterone was classified as a binder instead of a 
non-binder.  Closer examination indicated that this classification was based on only one 
run of corticosterone (Fig 12).  The goal was that there should be at minimum three runs 
in each laboratory for chemical classification.  There were 6 additional runs where 
corticosterone was clearly negative, however, those runs were not used in the 
classification because either one or both controls were deemed unacceptable and the 
data for all chemicals in that run were excluded.  If all 7 runs of corticosterone had been 
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included then the classification would have been non-binder and agreed with the 
expected result.  While such an approach was consistent with the data analysis plan, it 
does raise the question of whether or not the approach of excluding all data based 
solely on a subjective review of the control data should be reevaluated to incorporate 
interim technical reviews for reasonableness and consistency into the process for all the 
data and not only for controls. 
 
 
 
Figure 12.  FW Assay: Subtask 2 Lovelace corticosterone run 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c. Summary Subtask 2: 
 
116. Overall, the average classification for each chemical as a binder or non-binder 
was in agreement with the expected results when using either the CERI or FW assay to 
evaluate uncoded test chemicals.  Generally, one lab of the five appeared to have more 
difficulty running the assay, but this difficulty was not restricted to using one or the other 
assay.  This suggests that the difficulty was likely a lab specific issue rather than a 
problem with one or the other assays.  Upon closer review of the unexpected results, 
missed classifications for the test chemicals occurred due to several reasons.  Those 
included 1) inappropriate application of the 10% rule due to variability of non-binders 
around 100%, the inability of the data to fit the 4-parameter logistic regression, and 2) 
limitations due to classifications made with a less than optimal number of acceptable 
runs (i.e. only one run). For these reasons, an interim technical review of the data prior 
to final classification of a chemical is recommended which may include the need for 
additional runs to obtain three acceptable runs.  Overall, however, both assays provided 
equally acceptable results when evaluating uncoded chemicals. 
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3. Subtask 3:  Coded Chemicals 

 
117. For subtask 3, each laboratory tested 14 chemicals that covered a range of 
affinities for the ER.  Each chemical was coded so that the identity of the compound 
was unknown to the lab.  The labs were given the molecular weight each compound to 
use in making stock solutions.  The reference estrogen, weak positive (17β-estradiol 
and norethynodrel), and non-binder (DBP) controls were to be included with each run.  
Data analyses and binding, non-binding, or equivocal classifications were conducted as 
described for subtask 2.  Both a simple average and an average weighted by the 
number of runs were conducted.  Overall the simple and weighted averages obtained in 
subtask 3 were in agreement (Appendix F).  Therefore, only the simple averages are 
shown in Tables 34 and 35 for subtask 3.  Once the independent uniform classifications 
were determined¸ as in subtask 2, a technical review of the data in subtask 3 was 
undertaken to investigate any unexpected classifications in greater detail. 
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a. CERI  Assay 
 
Table 34. Subtask 3:  CERI Assay, Competitive Binding Assay using Coded 

Test Chemicals 

Chemical Expected 
Result CeeTox Lovelace Missouri Bayer CERI Simple 

Average 

Atrazine Non-Binder Non-
Binder Equivocal Non-Binder Non-

Binder Non-Binder Non-
Binder 

Bisphenol A Binder Binder Binder Binder Binder Binder Binder 

Benz(a)anthracene Non-Binder b 
Non-

Binder Non-binder1 Non-Binder Non-
Binder Non-Binder Non-

Binder 

Dibutyl phthalate-TC Non-Binder Binder Equivocal Non-Binder Binder Non-Binder Equivocal 

Dihydrotestosterone Binder Binder Binder Equivocal Binder Binder Binder 

17B-estradiol-TCa Binder Binder Binder
1
 Binder Binder Binder Binder 

Enterolactone Binder Binder Binder Equivocal Binder Equivocal Binder 

Heptylphenol Binder Binder Equivocal Equivocal Binder Equivocal Equivocal 

Kepone Binder Binder Binder Binder Binder Binder Binder 

Norethynodrel-TCa Binder Binder Binder Binder Binder Binder Binder 

Octyltriethoxysilane 
Non-Binder  

Non-Binder Non-Binder Non-Binder Non-Binder Non-Binder Non-Binder 

Progesterone 
Non-Binder  

Non-Binder Non-Binder Non-Binder Non-Binder Non-Binder Non-Binder 

Tamoxifen Binder Binder Binder Binder Binder Binder Binder 

Zearalenone Binder Binder Binder Binder Binder Binder Binder 

Green shading = Classification is inconsistent with expected outcome. 
a Chemical name followed by –TC indicates control compound was tested as a coded test chemical. 
b Expected result for benz(a)anthracene was changed to negative based on literature review as detailed 
below. 
1 Classification was changed for the Lovelace laboratory based on follow-up data review. E2-TC 
reclassified to binder during review of standard statistical classification due to presence of 3 runs that did 
not meet criteria for evaluating chemical concentration low enough to show top of curve (e.g, curve only 
reach 35-40% maximum binding). BaA reclassified as non-binder due to 2 good testable runs as non-
binder and elimination of unacceptable 3rd run that was flat at ~60% with no dose response.  
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1) Classification of Coded Chemicals Using the CERI Assay 
 
118. Table 34 shows the classifications of the fourteen coded chemicals when tested 
using the CERI assay.  Based on the average classification, twelve of the fourteen 
chemicals were correctly classified as a binder or non-binder when compared to the 
expected activity.  Note that the expected activity for benz(a)anthracene was changed 
to negative which is in contrast to the activity listed in the CAB recommendation of weak 
binder.  Based on further review of the literature, while benz(a)anthracene is estrogenic 
in vivo (Kummer et al., 2008), its estrogenic activity in vitro is primarily dependent upon 
its metabolic activation (Gozgit et al., 2004; Santodonato, 1997).  Enzymatic metabolic 
activation in the cell-free recombinant ER systems used in the CERI or FW assays 
would not be anticipated; therefore, expectation for benz(a)anthracene was changed to 
a non-binder. 
 
119. Overall classification of two compounds did not agree with expectations. Di-n-
butyl phthalate, when evaluated as a coded test compound (DBP-TC), was expected to 
be negative. In addition, heptylphenol was expected to be a weak binder.  Both received 
overall classifications as equivocal binders.  Review of the data indicated factors that 
contributed to these classifications.  The use of DBP as a negative control was based 
on testing only up to 10-4 M because the chemical had been observed to be insoluble at 
10-3 M (e.g., turbidity observed when using ethanol) in earlier experiments.  Test 
compounds are required to be tested to a higher concentration of 10-3 M or limit of 
solubility.  In some of the labs testing to higher concentrations resulted in either a 
decrease in radioligand binding at the highest concentration and/or an ambiguous curve 
fit, either of which may result in a binder or an equivocal classification. As a result, the 
overall classification of DBP-TC was impacted.  In another case, the classification of 
DBP-TC as a binder by CeeTox lab was based on only 1 testable run.  While data from 
this run do meet the criteria to classify DBP-TC as an ER binder, it is recommended in 
the protocol that a compound not be classified based on only a single acceptable run.  
 
120. The results for heptylphenol exemplify issues surrounding testing and curve fits 
of very weakly estrogenic compounds. The decision was made by the SMT from the 
beginning to use a standardized analysis approach, and that all the data would be fit to 
the 4-parameter model without use of any constraints.  This appears to work well when 
a full or near full competitive binding curve is obtained (binding decreased to 20% or 
less).  For weakly estrogenic compounds a full binding curve can often not be obtained, 
which was the case for heptylphenol.  When the bottom of the curve is not constrained 
to zero, the software cannot accurately fit the model to the data.  This resulted in an 
equivocal classification for heptylphenol in three labs as shown in the examples below 
(Fig 13 A and B). 
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Figure 13. CERI Assay:  Subtask 3 example heptylphenol runs from 2 labs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
121. Further upon technical review of standard statistical classification, the equivocal 
classification of 17β-estradiol as a test chemical (E2-TC) for the Lovelace lab was 
reclassified to binder due to the presence of 3 runs that did not evaluate chemical 
concentrations low enough to show the top of curve (e.g., curve only reach 35-40% 
maximum binding).  Similarly to as shown for EE2 in subtask 2, 17β-estradiol-TC was 
not run at low enough concentrations to show a full curve (and thus did not fit the 
model) but clearly demonstrated potent inhibition of radioligand binding.  This suggests 
that in similar cases when a test compound appears very potent, the compound should 
be re-tested to include lower concentrations to confirm a full binding curve (e.g. top of 
curve). 
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b. FW Assay 
 
Table 35. FW Assay,  Subtask 3, Coded Test Chemicals 

Chemical  Expected 
Result CeeTox Lovelace U. 

Missouri Bayer CERI U. 
Konstanz 

Simple 
Average 

Atrazine  Non-
Binder 

Non-
Binder § Non-

Binder 
Non-

Binder 
Non-

Binder Equivocal Non-
Binder 

Bisphenol A Binder Binder Binder Binder Binder Binder Binder Binder 
Benz(a)anthracene 
_DMSO  

Non-
Binder b Equivocal § Non-

Binder  
Non-

Binder  
Non-

Binder 
Benz(a)anthracene 
_EtOH  

Non-
Binder b   

Non-
Binder 

Non-
Binder  

Non-
Binder 

Non-
Binder 

Di-n-butyl phthalate†  Non-
Binder 

Non-
Binder 

Non-
Binder 

Non-
Binder 

Non-
Binder 

Non-
Binder 

Non-
Binder 

Non-
Binder 

Di-n-butyl phthalate - 
TCa  

Non-
Binder Equivocal § Equivocal Equivocal Equivocal Equivocal Equivocal 

Dihydrotestosterone Binder Binder Binder Binder Binder Binder Binder Binder 
17-β-estradiol-TCa  Binder Binder Binder Binder Binder1 Binder Binder Binder 
Enterolactone Binder Binder § Binder Binder Binder Binder Binder 

Heptylphenol  Binder Equivocal Binder Non-
Binder Binder Binder Binder Equivocal 

Kepone  Binder Binder Binder Binder Binder Binder Binder Binder 
Norethynodrel-TCa Binder Binder Binder Binder Binder Binder Binder Binder 

Octyltriethoxysilane  Non-
Binder Equivocal § Non-

Binder 
Non-

Binder 
Non-

Binder 
Non-

Binder 
Non-

Binder 

Progesterone  Non-
Binder 

Non-
Binder Binder Non-

Binder 
Non-

Binder 
Non-

Binder 
Non-

Binder 
Non-

Binder 
Tamoxifen Binder Binder Binder Binder Binder Binder Binder Binder 
Zearalenone  Binder Binder Binder Binder Binder Binder Binder Binder 
Green shading = Classification is inconsistent with expected outcome. 
a Chemical name followed by –TC indicates compound was tested as a coded test chemical and typically 
tested to limit of solubility or maximum of 10-3M. 
b Expected result for Benz(a)anthracene  changed to non-binder based on literature as detailed above (see 
Section II.E) 
1Chemical was reclassified to binder during review of standard statistical classification due to presence of 
2 runs that did not meet criteria for evaluating chemical concentration low enough to show top of curve 
(e.g, curve only reach 35-40% maximum binding).  
§ No Acceptable runs in Subtask 3. 
†When DBP used as a negative control (non-binder) it was tested up to 10-4M.   
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1) Classification of Coded Chemicals Using the FW Assay 
 
122. Results for the classification of the fourteen coded chemicals using the FW assay 
is shown in Table 35.  Thirteen of the fourteen chemicals were correctly classified as a 
binder or non-binder when compared to the expected activity.  As with the CERI assay, 
DBP-TC was tested up to 10-3 M and consistently received an overall equivocal 
classification.  In all labs except Lovelace (who had no acceptable data for this 
compound), testing to higher concentrations resulted in either an additional decrease in 
radioligand binding to <75% or an ambiguous curve fit either of which resulted in an 
equivocal classification and thus impacted the overall classification of DBP-TC.   
 
123. For weakly estrogenic compounds such as heptylphenol, similar classification 
issues when using the standardized analysis approach were seen as described for the 
CERI assay due to the inability to test concentrations high enough to obtain a full 
inhibition of binding.  
 
124. For similar reasons as discussed for the reclassification of E2-TC using the CERI 
assay, E2-TC was reclassified from equivocal to binder for the Bayer lab using the FW 
assay.  Technical review of the standard statistical classification did not change 
classification of any of the other compounds for any of the labs. 
 
 
c. Overall Summary, subtask 3: 
 
125. Overall the average classification for each of the coded test chemicals as a 
binder or non-binder was in good agreement with the expected results for all the 
compounds using both assays.  Using the CERI assay, twelve of the fourteen 
compounds were correctly identified by the average classification and thirteen of the 
fourteen when using the FW assay.  Generally, for the CERI assay one lab of the five 
appeared to have more difficulty running the assay but this difficulty was not restricted 
to using one or the other assay as the same lab had similar difficulty running the FW 
assay.  This suggests a lab specific issue rather than with one or the other assays. 
 
126. In general, testing of DBP as a coded test compound was the most problematic 
classification followed by the ability to obtain good curve fits for very weakly estrogenic 
compounds. When used as a negative control in the preceding subtasks, DBP was 
tested only to 10-4 M as instructed by both assay protocols and based upon 
observations of chemical insolubility at 10-3 M in the lead laboratories. When DBP was 
tested to higher concentrations as required by both assays for test chemicals, the 
percent radioligand bound often decreased to a level that triggered an equivocal 
classification even though, in some cases, a curve could not be fit to the model.  In 
reviewing the graphs, the extrapolated logIC50s would appear to be very high (-2 log M 
range).  It would not be unreasonable to question the biological relevance of a logIC50 
of this magnitude, however, the ability of DBP to displace [3H]17β-estradiol at 10-3M 
suggested that other negative control compounds should be investigated as was done 
in subtask 4 (Section IV.B.5). 
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127. When the data for the weakly estrogenic compounds were reviewed, the review 
indicated that most very weak estrogenic compounds produced partial binding curves 
that proved problematic for the standardized analysis approach of performing curve fits 
without constraint.  In many cases it appeared that the data could have been fit if the 
bottom of the curve had been constrained to zero.  Taken together this suggests that 
development of criteria for an additional follow-up step-wise technical review of the data, 
and possible refit of the data prior to final classification should be considered. 
  
128. As was observed in subtask 2, some of the missed classifications for the coded 
test chemicals appeared to be due to 1) an inappropriate application of the 10% rule 
due to variability around 100% bound for non-binders, 2) the inability of the data to fit 
the 4-parameter logistic regression without constraint when a full curve was not 
obtained, and 3) classifications made with less than an optimal number (< three) of 
acceptable runs.  Again, all these findings support the inclusion of a step-wise technical 
review of the data and possible refit of individual runs prior to the final classification.  It 
is important to note that both the  CERI and FW assays provided equally acceptable 
data for all coded chemicals tested, and the need for the step-wise technical review is 
not reflecting  a deficiency for either assay. 
 
 
4. Intra- and Inter-laboratory Replication 
 
129. As indicated earlier (section III.A1 and B), the data were initially analyzed by an 
independent contractor using a standardized approach.   After technical review of these 
reports, it was determined that additional statistical analysis could provide further insight 
on the intra- and inter-laboratory replication.  Contract lab assistance with this task was 
no longer an option; therefore, selected follow-up in-house analyses were conducted by 
the National Health and Environmental Effects Laboratory, Office of Research and 
Development, U.S. EPA, Research Triangle Park, NC.  The dataset used for this 
analysis, however, was the same Prism fit data as provided in the independent 
statistical report (Appendix C) for each assay.  There was also some concern that the 
initial classification of the entire set of runs as unacceptable based solely on the 
subjective review of the PRISM fit parameters of the reference estrogen and weak 
positive control data (17β-estradiol and norethynodrel, respectively) might have 
excluded a significant amount of acceptable and usable data (e.g., approximately one 
third of the data had been excluded) and/or possibly unintentionally biased the overall 
analysis.  Therefore, unlike the independent statistical analysis, all runs except those 
specifically identified by the participating laboratories as unacceptable (using criteria as 
provided in each protocol), were included in this follow-up analysis. 
 
a. Summary of Approach and Assumptions 
 
130. As mentioned, Prism fit parameters as provided by the independent contractor 
(Appendix C) were used for this analysis.  The goal was to perform a conservative 
analysis which was as inclusive as possible.  Therefore, all runs were included in the 
analysis and only those runs identified by the participating laboratories as unacceptable 
were excluded.  The data for each assay was evaluated separately.  Chemicals were 
categorized based on the expectation of positive (binder) or negative (non-binder) 
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interaction with the ER based on the CAB recommendation or supporting literature.  For 
this analysis benz(a) anthracene (BaA) was classified as an expected negative.  There 
were a significant percentage of runs using each assay that had missing data for all or 
some of the four logistic regression parameters.  Missing parameter estimates would be 
expected for non-binders as the data should not fit the model and therefore parameters 
could not be calculated.  Therefore, runs that had missing values for estimates of the 
logIC50, hillslope or r2 were considered to be negative in this analysis. 
 
131. Regardless of a chemical’s potency, based on competitive binding theory, a 
chemical at low concentrations will displace the radioligand by 0% (i.e., 100% of ER 
bound by radioligand) and by 100% at high concentrations (i.e., 0% radioligand bound 
ER), the slope should be approximately -1 (declining from about 80 to 20% radioligand 
bound over two log units change in concentration) resulting in a r2 for the model of 1.0 
(no error).  The r2 value was the parameter used for the follow-up analysis because, of 
the parameters available in the summary data, it gives an indication of how well the 
experimental data fit the model.  The analysis was conducted using SAS statistical 
software (Version 9.1).  In this analysis r2 values equal to or exceeding 0.9 (or 90%) 
were considered “good”.  In addition, r2 values were summarized into categories 
between 100 and 90%, less than 90 but greater than 80%, and etc.  If the top of the 
curve remained above 75% the run was considered negative (this was done to eliminate 
runs were the range may have only been, for example, from only 55% top to 25% 
bottom). 
 
132. As mentioned earlier, some of the summary data on which this analysis was 
based, and with which classifications were made, included some missing parameter 
information that might have fit the 4-parameter model if the top or bottom of the curves 
had been constrained.  Therefore if that situation existed in the summary data, then this 
analysis is also unavoidably not without similar error. 
 
133. The analyses presented below are summary statistics pooled over all chemicals.  
Additional analyses were conducted by protocol, chemical, and lab and by protocol, 
chemical, lab and subtask (st1, st2 and st3).  The SAS outputs from these additional 
analyses are included in Appendix I. 
  



75 

b. CERI Assay, r2 Analysis of Pooled Data 
 
Figure 14. CERI assay: Distribution of r2 values pooled across all chemicals by 

lab (A), overall mean absolute r2 values (B) and overall r2 variability 
(C) by lab. 
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134. Five laboratories participated in the CERI assay validation exercise.  Figure 14A 
illustrates the overall distribution of r2 values for the model fits across all runs and 
chemicals. Laboratory B had r2values skewed downward as compared to the other four 
laboratories  Four of the labs had a high percentage of “good” (r2> 90%) r2 values (Fig 
14A).  Lab B, had 57.6% of r2 values of >90% while the other labs had 80% or greater of 
their r2 > 0.9.  Overall mean r2 values were 0.95 or greater (>95%) except for lab B 
which was lower at an average of 91.8 % (Fig 14B).  Further, lab B’s r2 values were 
more variable than the other labs (Fig 14C) with a coefficient of variation (CV) of 
approximately twice that of the other four labs (i.e., 11.9% vs ~5-6.5%). 
 
Figure 15. CERI Assay, Percent expected positives with good binding to ER 

(A) and percent false positive (B) runs by Lab across all chemicals. 
 

 
 
135. As described previously, chemicals were categorized either positives (e.g, 
binders) or negative (non-binders).  Note that for this analysis for both the CERI and FW 
assays, BaA was considered a negative for reasons as previously discussed (See 
Section II.E).  For the compounds expected to be positive, the percentage of runs with 
good binding to ER for each lab is shown in Fig 15.A. As compared with the other 4 
laboratories, lab B had a higher false negative rate with only ~ 70% of positives correctly 
identified.  The other 4 labs had significantly lower false negative rates using the CERI 
assay.  The false positive rates are shown in Fig 15.B.  Labs A and C had no false 
positives.  The false positive rates for the other 3 labs ranged from about 5% to 12%.  
Notably about half of the “false positives” were runs with DBP tested as a test chemical 
up to 10-3 M.  
 
136. Based on this analysis of the r2 values, four of the five laboratories were able to 
properly indentify the expected positives and negatives in most runs using the CERI 
assay. Laboratory B was consistently less accurate at properly identifying compounds 
expected to be positive.  
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c. FW Assay,  r2 Analysis of Pooled Data 
 
Figure 16. FW Protocol:  Distribution of r2 values pooled across all chemicals 

by lab (A), overall mean absolute r2 values (B) and overall r2 
variability (C) by lab. 
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137. Six laboratories participated in the FW assay validation exercise.  Five of the 
laboratories (A-E) were the same as those that participated in the CERI assay validation.  
Lab F only participated in the FW validation exercise.  Similarly as presented for the 
CERI assay analysis, Figure 16A illustrates the overall distribution of r2 values for the 
model fits pooled across all runs and chemicals for the FW assay. Laboratories B and F 
had r2values skewed downward as compared to the other four laboratories.  Four of the 
labs had a high percentage of “good” (r2> 90%) r2 values (A: 96.6%; C: 94.8%; D: 88.6% 
and E: 92.8%) (Figure 16A).  Lab B had 70.3% of r2 values of >90% and Lab F had 
71.0% of their r2 > 0.9.  Overall mean r2 values were 0.95 or greater (≥ 95%) for all labs 
except for lab B which was slightly lower at an average of 0.93 (Figure 16B).  Generally, 
CV’s of the r2 values were 10% or less across the labs and ranged from a low of 0.8% 
for Lab A to a high of 9.35% for Lab B (Fig 16.C).  The CV’s for the other four labs 
ranged from 5.5 to 8.4%. 
 
Figure 17. FW Assay, Percent expected positives with good binding to ER 

(A) and percent false positive (B) runs by Lab across all chemicals. 
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positives).  Lab F, however, did not participate in the CERI assay competitive binding 
exercise so an across assay comparison to their performance using the FW assay 
cannot be made for that lab. 
 

5. Subtask 4:  Classify Additional Test Chemicals 
 
140. The objective of subtask 4 was to classify 7 additional test chemicals that could 
potentially be considered as alternate weak binders and non-binders when conducting 
the FW and CERI assays.  The chemicals were provided to the laboratories as 16 
coded samples, with each chemical submitted twice as separate samples and one 
submitted as four separate samples.  That is, each laboratory received 16 uniquely 
coded vials (6 chemicals x 2 samples plus 1 chemical x 4 samples) to evaluate 
reproducibility and accuracy when testing each chemical up to its limit of solubility or a 
maximum of 10-3M. Each chemical was coded before testing, but was labeled with its 
molecular weight to allow formulation of molar concentrations.  Each sample was to be 
tested in 3 non-concurrent runs, with each concentration in triplicate.  
 
141. All the laboratories were given the option to participate in subtask 4.  The two 
laboratories that elected to participate had already completed Subtasks 1-3 for both the 
FW and CERI assays. 
 
142. As shown in Tables 36-37, both laboratories correctly classified each of the weak 
binders and non-binders when using the CERI and FW assays.  The laboratories also 
demonstrated another level of accuracy when testing the same chemical as 2 or more 
separate coded samples (see number of runs with expected classification relative to the 
total runs for each chemical, Tables 36-37).  Moreover, there was excellent replication 
of the PRISM fits and expected classification for each chemical when tested multiple 
times as a coded sample within each laboratory (Tables 36-37).   
  



80 

Table 36. CERI Assay.  Subtask 4. Additional Test Chemicals, coded. 

Chemical Expected 
Result CeeTox Missouri Average across 

laboratories 

Bisphenol A Weak binder  
Binder 
(6/ 6)a 

Binder* 
 (6/ 6) 

Binder 

Genistein weak binder Binder* 
(6/ 6) 

Binder1 
(6/6 ) 

Binder 

HPTE weak binder Binder 
(6/ 6) 

Binder* 
(6/ 6) 

Binder 

Norethindrone weak binder Binder* 
(12/12) 

Binder* 
(12/ 12) 

Binder 

Corticosterone Non-binder Non-Binder* 
(4/6 ) 

Non-Binder* 
(6/6 ) 

Non-Binder 

Dexamethasone Non-binder Non-Binder* 
(4/ 6) 

Non-Binder* 
(4/6 ) 

Non-Binder 

Octyltriethoxysilane Non-binder Non-Binder 
(6/6) 

Non-Binder* 
(4/ 6) 

Non-Binder 

 
*The CeeTox laboratory noted precipitation in the final wells for both samples of corticosterone at 10-3 M, 
both samples of dexamethasone (10-4 M), all samples of norethindrone  (10-4 M), genistein, coded sample 
1 (10-5 M), and genistein, coded sample 2 (10-4 M). 
1Classifications for genistein for the six runs submitted by U. Missouri were corrected from ‘equivocal’ to 
‘binder’ following the technical review of the standardized data analysis.  Data were reanalyzed using the 
10% rule, and appropriately fit to the PRISM model (See Appendix H, Pages 91-95).  
a Number of runs consistent with expected classification/total runs conducted. Data in this table represent 
the number of runs classified correctly out of the number of runs conducted after (1) SMT (U.S.EPA) 
review of acceptability of control data (See Appendix C),  (2) Laboratory acceptability had been applied 
(see Appendix H, Task 2), and (3) the 10% rule had been applied to appropriate runs (See Appendix H, 
Task 3, Pages 91-95). 
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Table 37. FW Assay, Subtask 4.  Additional Test Chemicals, coded. 

Chemicala,b,c 
Expected 

Result CeeTox Missouri Average across 
laboratories 

Bisphenol A weak binder 
Binder 
(4/4)a 

Binder 
(7/7) Binder 

Genistein weak binder Binder* 
(6/6) 

Binder* 
(6/7) Binder 

HPTE† weak binder Binder* 
(6/6) 

Binder 
(7/8) Binder 

Norethindrone weak binder Binder* 
(11/12) 

Binder* 
(15/15) Binder 

Corticosterone Non-binder Non-Binder 
(6/6) 

Non-Binder* 
(7/8) Non-Binder 

Dexamethasone Non-binder Non-Binder* 
(6/6) 

Non-Binder* 
(7/8) Non-Binder 

Octyltriethoxysilane Non-binder Non-Binder* 
(6/6) 

Non-Binder 
(7/7) Non-Binder 

*The U. Missouri noted inability to make 100 mM stock solutions in ethanol, due to insolubility, for all four 
norethindrone samples, both dexamethasone samples, both genistein samples, and one of the corticosterone 
samples.  For these samples, the highest concentration tested was 10-4 M rather than 10-3 M.  No precipitation was 
seen in either the dilution plate or the assay plate.  There was no report of an attempt to use DMSO as solvent, or to 
reduce the highest concentration by only a half-log, as recommended in the Guideline. 
 
[CeeTox] noted precipitation in the final wells at 10-3 M for all four norethindrone samples, both dexamethasone 
samples, both genistein samples, both octyltriethoxysilane samples, and one sample of HPTE.  There was no report 
of an attempt to use DMSO as solvent, or to reduce the highest concentration by only a half-log, as recommended in 
the Guideline. 
 

†HPTE = 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane, a metabolite of the insecticide methoxychlor 
a Number of runs consistent with classification/total runs conducted. Number of runs consistent with expected 
classification/total runs conducted. Data in this table represent the number of runs classified correctly out of the 
number of runs conducted after (1) SMT (U.S.EPA) review of acceptability of control data (See Appendix C),  (2) 
Laboratory acceptability had been applied (see Appendix H, Task2), and (3) the 10% rule had been applied to 
appropriate runs (See Appendix H, Task 3, Pages 91-95). 
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143. The results from subtask 4 provide additional information that can be used to 
further refine the procedure for data analysis and interpretation when using the FW and 
CERI assays to include the following: (1) demonstrating the impact of test chemical 
solubility limitations on chemical classification, (2) identifying cases where the 
implementation of the 10% rule are needed, and (3) identification of potential alternate 
chemicals that can be used a controls (i.e., weak binders and non-binders). 
 
144. Both the FW and CERI assay protocols recommend testing chemicals up to their 
limit of solubility with a maximum concentration of 10-3 M (i.e., 1 mM).  While this 
maximum concentration is widely accepted as a reasonable range for many types of in 
vitro assays, determining the limit of solubility for a chemical under assay conditions is 
sometimes quite difficult.  Therefore, laboratories were instructed to make notations 
when precipitates were observed when preparing chemical solutions and in assay wells 
(using low power microscopy) before and after the assay incubation period. In addition, 
the competitive binding curves for each chemical were examined during the technical 
review of the standardized data analysis for indications of potential solubility issues (e.g. 
rapid drop in the percent of radioligand bound over log unit; U-shaped curves).  These 
precautions were particularly important for this subtask in order to carefully evaluate the 
chemicals as candidates for alternate controls (e.g., weak binders and non-binders).  
For the FW assay, solubility constraints were reported when testing norethindrone, 
dexamethasone, genistein, octyltriethoxysilane, corticosterone and HPTE.  The U. 
Missouri reported an  inability to prepare 100 mM stock solutions in ethanol, due to 
insolubility, for all four norethindrone samples, both dexamethasone samples, both 
genistein samples, and one of the corticosterone samples.  For these samples, the 
highest concentration tested was 10-4 M rather than 10-3 M.  No precipitation was seen 
in either the dilution plate or the assay plate when tested up to 10-4 M. CeeTox noted 
precipitation in the final assay wells at 10-3 M for all four norethindrone samples, both 
dexamethasone samples, both genistein samples, both octyltriethoxysilane samples, 
and one sample of HPTE. There was no report of an attempt to use DMSO as solvent, 
or to reduce the highest concentration by only a half-log, as recommended in the FW 
protocol.  For the CERI assay, only one laboratory (CeeTox) noted precipitation in the 
final wells for both samples of corticosterone at 10-3 M, both samples of dexamethasone 
(10-4 M), all samples of norethindrone (10-4 M), genistein (sample 1, 10-5 M; sample 2, 
10-4 M). 
 
145. Data from many of the chemicals where precipitation was observed in the wells 
also produced U-shaped competitive binding curves.  During the technical review of the 
standardized data analysis, these runs were identified and reanalyzed after 
implementation of the 10% rule (Appendix H, Task 3).  For one of the chemicals, the 
reanalysis changed the overall classification.  The overall classification of ‘equivocal’ for 
the six runs submitted by U. Missouri for genistein was revised following the technical 
review of the standardized data analysis, and a subsequent reanalysis of those data 
after implementing the 10% rule for U-shaped response curve.  New results (Figure 18) 
demonstrated that the chemical was a binder.  In this case, three runs originally 
classified as ‘equivocal’ due to the ambiguous PRISM fits were reclassified to ‘binder”; 
one run (nonsensical ambiguous fit, Figure 18C) was reclassified to ‘binder’; and two 
runs originally classified as ‘binder’ retained same classification but the PRISM fit was 
improved with implementation of the 10% rule and it was noted that the tops of the 
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curve did not reach 100% (Figure 18D).  The runs provided by CeeTox for genistein 
also produced U-shaped curves (data points at 10-3 M).  However, this use of the 10% 
rule did not change the classifications for any of these runs as a ‘binder’, and the overall 
classification for genistein remained the same (e.g., binder). 
 
Figure 18. Genistein, Comparison of curve fits with and without 10% rule 
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146. All of the weak binders and non-binders were correctly classified by both 
laboratories when using either of the hrER binding assays. While solubility limitations 
were observed for some of the chemicals, this did not interfere with the ability to identify 
the weak binders, even when tested as coded chemicals, in either assay when the 10% 
rule was appropriately applied during data analysis. Examples of competitive binding 
curves from 3 runs for norethindrone from each laboratory are shown in Figures 19 
(CERI) and 20 (FW).  Tolerance bounds have been developed using all the runs from 
each laboratory (Appendixes F and I), and are reported in Section IV.B.6. 
 
147. Octyltriethoxysilane, non-binder, was identified as a potential negative control 
(Figures 19 and 20).  This chemical was reported by one lab to have solubility limitation 
at 10-3M when used in the FW assay, but among all the non-binders had the least 
problems with solubility limitations. 
 
 
Figure 19. CERI Assay.  Comparison of laboratory results for norethindrone and 

octyltriethoxysilane. 
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Figure 20. FW Assay,  Comparison of laboratory results for norethindrone and 
octyltriethoxysilane. 
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6. Development of Tolerance Bounds 
 
148. Tolerance bounds were developed for the reference estrogen and two weak 
binders norethynodrel, norethindrone;  SeeTables 38-39).   Univariate tolerance 
intervals to contain 80% of the population of acceptable test runs across all laboratories 
with 95% confidence were calculated and assessed as potential performance criteria for 
the reference estrogen (17-estradiol), the weak positive standard (norethynodrel), and 
an additional weak positive norethindrone.  They were calculated for the top, bottom, 
Hillslope, logIC50 and Syx for the reference estrogen and weak binder(s) runs, and for 
the log10RBA of the weak binders relative to the reference estrogen.  One-sided 
tolerance intervals were calculated for the residual standard deviations of 17b-estradiol 
and norethynodrel as a precision criterion to assess the model fit.  The tolerance 
intervals were calculated based only on the acceptable runs, as designated by SMT 
(U.S.EPA) uniform review of the PRISM fit parameters (see Section III.A.2). For 
log10RBA, the acceptable runs were those for which both the reference estrogen and 
the norethynodrel results were designated by U.S. EPA as acceptable.  The 10% rule 
was applied to norethindrone test runs only such that, tolerance intervals were 
calculated for top, bottom, hillslope, logIC50, Syx and logRBA for norethindrone for 
each protocol (CERI and FW) (see Appendix H for application of 10% rule).  The 
tolerance bounds were constructed on the results of the PRISM 4-parameter model fits, 
using the standard Hill equation with no adjustment for ligand depletion, and a mixed 
effects analysis of variance.  For each parameter, estimates and their associated 
standard errors were determined for each test run based on the PRISM model fits.  The 
estimates in the acceptable test runs were combined by mixed effects analysis of 
variance to determine the sources of variation − within run-variance, between-run 
variance within labs, and between-lab variance.  The combined results were then used 
to calculate the tolerance bounds (For complete description of statistical analysis see 
Appendixes F and G). 
 
149. No tolerance bound were developed for the test chemicals because of the wide 
array of existing potential test chemicals and variation in potential affinities and 
outcomes (e.g. complete curve, partial curve, no curve fit). Even though there are no 
additional “standards” from the validation set for test chemicals, professional judgment 
should be applied when reviewing results of a test chemical run.  Generally, binders are 
characterized by curves that begin near 100% at low test chemical concentrations and 
fall from approximately 80% to 20% over two log units change in concentration and 
asymptotically approach 0%. 
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Table 38. hrERα Competitive Binding Assay Performance Criteria: Tolerance 
Intervals to Contain at Least 80% of Population of Test Runs with 
95% Confidence for Top, Bottom, Hillslope and LogIC50 Parameters 
for the Controls.a,b,c 

Assay Chemical Parameter Average 
Estimate 

Std Error 
Estimate 

Lower 
Limit 

Upper 
Limit 

CERI 

17β-estradiol 

Top 107.83 4.06 56.34 159.33 
Bottom 1.05 0.59 -4.76 6.87 

HillSlope -1.20 0.04 -2.26 -0.14 
LogIC50 -8.93 0.08 -9.57 -8.28 

Norethynodrel 

Top 103.71 2.88 67.45 139.97 
Bottom 2.48 1.02 -9.67 14.63 

HillSlope -1.02 0.03 -1.78 -0.27 
LogIC50 -6.18 0.12 -7.19 -5.17 

 LogRBA -2.75 0.08 -3.40 -2.10 

Norethindrone 

Top 96.67 0.20 88.40 104.95 
Bottom 7.14 1.61 -6.68 20.96 

HillSlope -0.93 0.03 -1.54 -0.32 
LogIC50 -5.95 0.33 -9.08 -2.82 

  LogRBA -3.086 0.08 -3.78 -2.39 

FWa 

17β-estradiol  

Top 101.60 0.92 89.14 114.05 
Bottom 0.32 0.21 -1.36 2.01 

HillSlope -1.02 0.04 -1.91 -0.13 
LogIC50 -8.85 0.04 -9.20 -8.50 

Norethynodrel 

Top 101.15 2.01 76.83 125.47 
Bottom 2.23 0.73 -5.42 9.89 

HillSlope -0.96 0.04 -2.05 0.13 
LogIC50 -6.32 0.07 -6.84 -5.80 

 LogRBA -2.54 0.08 -3.17 -1.92 

Norethindrone 

Top 90.23 4.92 51.25 129.21 
Bottom 3.33 2.07 -13.43 20.08 

HillSlope -1.29 0.11 -4.00 1.41 
LogIC50 -5.92 0.17 -7.45 -4.37 

  LogRBA -2.93 0.21 -4.82 -1.04 
a. DMSO runs were not included in the tolerance interval calculation for the FW assay. 
b. Only runs classified as acceptable by the uniform evaluation by the SMT (U.S. EPA) used in the development of 

the tolerance bounds (see Section III.2A). 
c. From:  Appendix G.  
  



88 

Table 39. hrERα Competitive Binding Assay Performance and Data 
Interpretation Criteria One-sided Upper Tolerance Limit to Contain at 
Least 80% of Population of Test Runs for Precision Parameter for 
Controls Curve with 95% Confidence.a,b,c 

Protocol Chemical Mean 
Ln(Syx)a 

Std Error 
Mean 

Ln(Syx) 

Upper 
Limit 

Ln(Syx) 

Geometric 
Mean 
Syx 

Geometric 
Std Error 

Syx 

Upper 
 Limit 
Syx 

CERI 

17β-estradiol 1.60 0.26 2.92 4.93 1.30 18.60 

Norethynodrel 1.43 0.22 2.59 4.17 1.24 13.29 

Norethindrone 1.71 0.065 2.14 5.51 1.07 8.51 

FW 

17β-estradiol 1.42 0.19 2.49 4.13 1.21 12.09 

Norethynodrel 1.39 0.14 2.21 4.02 1.15 9.13 

Norethindrone 1.72 0.07 2.17 5.58 1.07 8.76 
a Ln(Syx) is natural log-transformed Syx. 
b From: Appendix G 
c Calculated Using Acceptable Runs, Without Outliers. 
Ln(Syx) is natural log 
 
 
 
 
 

7. Comparison of Results to ER-RUC Assay 
 
150. The final ER binding classifications for all the test chemicals evaluated in the FW 
and CERI assays are shown in Table 40.  In this table, all the results were combined 
from each participating laboratory.   In addition, the classification of the chemicals used 
in the validation study for the ER binding assay that is currently included in the US 
EPA’s Tier I Screening Battery (TG OPPTS 890.1250) are provided (USEPA, 2009). 
151. There was excellent agreement between the CERI and FW assays for the 
classification of all test chemicals that were expected to be ‘binders’.  In addition, both 
assays were consistent with respect to the classification of DBP as a ‘non-binder’ when 
tested up to 10-4 M as was used for the negative control, but ‘equivocal’ ,due to some 
displacement of (3H)17β-estradiol, when tested up to 10-3 M as a coded test chemical. 
152. The competitive binding data analysis and  interpretation procedures included in 
the FW and CERI assays are designed to provide a qualitative classification of a test 
chemical  as a potential binder, non-binder, or equivocal.  However, the data produced 
by both assays can provide estimates of LogIC50s and RBAs. The mean ± SD (n) for the 
LogIC50s are shown to demonstrate the potency range of the test chemicals used in the 
validation study, and to compare between the FW and CERI assays (Table 40).  These 
values were calculated using the parameters from original PRISM fits as provided by 
Battelle during the standard data analysis using only the runs that were classified as 
acceptable during the review of the control data by the SMT (U.S. EPA), see Section 
III.A.2). 
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153. Since one of the intended uses of the fully validated FW and CERI assays will be 
as an alternate to the US EPA’s current Test Guideline OPPTS 890.1250, the 
classifications of the chemicals tested in all three of these ER binding assays are 
compared in Table 40.  The results obtained using the FW and CERI assays 
demonstrate that both hrER binding assays perform as well as Test Guideline OPPTS 
890.1250 for predicting the ER binding capability of the set of test chemicals. 
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Table 40. Comparison of Chemical Classifications using the FW and CERI Assays with Test Guideline OPPTS 890. 1250 

Chemical Name CAS RN Expected 
Response  

FW Assay CERI Assay TG OPPTS 
890.1250 MESH Chemical 

Class  Product Class 
LogIC50*** 

± SD Classification LogIC50*** 
± SD Classification Classification 

17β-Estradiol  50-28-2 Binder -8.79 ± 0.34 (93)  Binder -8.92 ± 0.27 (85) Binder Binder Steroid 
Pharmaceutical, 

Veterinary 
Agent 

Norethynodrel  68-23-5 Binder -6.26 ± 0.36 (94)  Binder -6.15 ± 0.38 (83)  Binder Binder Steroid 
Pharmaceutical, 

Veterinary 
Agent 

* Di-n-butyl phthalate  84-74-2 Non-binder -
 
 Non-Binder

*†
 - Non-Binder

*†,  Not Tested Ester, Phthalic 
Acid 

Plasticizer, 
Chemical 

Intermediate 

DES  56-53-1 Binder  -8.58 ± 1.13 (23) Binder  -8.04 ± 1.26 (17) Binder Binder Hydrocarbon, 
(Cyclic) 

Pharmaceutical, 
Veterinary 

Agent 

17α-ethynylestradiol  57-63-6 Binder -9.04 ± 1.24 (27)  Binder -8.47 ± 0.94 (13)  Binder Binder Steroid 
Pharmaceutical, 

Veterinary 
Agent 

Meso-Hexestrol   84-16-2 Binder  -7.50 ± 0.50 (29) Binder -7.80 ±0.89 (16)  Binder Binder Hydrocarbon, 
(Cyclic) 

Pharmaceutical, 
Veterinary 

Agent 

Genistein 446-72-0 Binder -6.88 ± 0.41 (27)  Binder -5.55 ± 0.87 (8)  Binder Binder 
Flavonoid, 

Heterocyclic 
Compound 

Natural Product 

Equol  531-95-3 Binder  -6.66 ± 0.58 (23) Binder -6.05 ± 0.63 (13) Binder Binder Phytoestrogen 
Metabolite   

Butyl paraben (n butyl-4-
hydroxybenzoate) 94-26-8 Binder -4.61  ± 0.59 (22) Binder -4.15 ± 0.59 (15) Binder Binder Paraben   

Nonylphenol (mixture) 84852-15-3 Binder -5.71 ± 0.49 (22) Binder -4.89 ± 0.61 (13) Binder Binder 
Alkylphenol, 
Intermediate 

Compund 
  

o,p’-DDT 789-02-6 Binder -5.57 ± 0.48 (21) Binder -4.78  ± 0.96 (15) Binder Binder Organochlorine   

Corticosterone 50-22-6 Non-binder* -  Non-binder -  Non-Binder Binder+ Steroid Natural Product 

Zearalenone  17924-92-4 Binder -7.48 ± 0.93 (20)  Binder -6.99 ± 0.62 (16)  Binder Binder 
Resorcyclic Acid 

Lactone, 
Mycotoxin 

  

Tamoxifen  10540-29-1 Binder -7.56 ± 0.72 (22) Binder -7.31 ± 1.13 (14)  Binder Binder Antiestrogen 
Pharmaceutical, 

Veterinary 
Agent 

5a-dihydrotestosterone  521-18-6 Binder -6.04 ± 0.43 (20) Binder -8.04 ± 1.26 (17) Binder Equivocal Steroid, 
Nonphenolic   

Bisphenol A  80-05-7 Binder -5.98 ±  0.34 (18) Binder 
-5.31 ±  0.71 ( ) 

Binder Binder Phenol Chemical 
Intermediate 

4-n-heptylphenol  1987-50-4 Binder -3.94 ±  0.97 (15) Equivocal -4.01 ±  0.64 (8) Equivocal Binder Alkylphenol   

Kepone (Chlordecone) 143-50-0 Binder -5.57 ±  0.72 (19) Binder -4.16 ±  0.63 (19) Binder Binder Hydrocarbon, 
(Halogenated) Pesticide 

Benz(a)anthracene 56-55-3 Non-Binder* -   Non-Binder -   Non-Binder Equivocal Aromatic   
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Hydrocarbon 
Enterolactone 78473-71-9 Binder -4.37 ±  0.49 (15) Binder -3.85 ±  0.47 (7) Binder Binder Phytoestrogen   

Progesterone  57-83-0 Non-binder*  - Non-Binder  - Non-Binder Equivocal Steroid Natural Product 

Octyltriethoxysilane  2943-75-1 Non-binder  - Non-Binder  - Non-Binder Non-Binder Silane   

Atrazine 1912-24-9 Non-binder*  - Non-Binder  - Non-Binder Equivocal Triazine Herbicide 

Green shaded areas:  Results for the test chemical were not consistent with expected classification. 
*†Non-binder when tested up to 10-4 M.  When tested up to 10-3M, Di-n-butyl phthalate (DBP) was classified as ‘equivocal’ due to displacement of 
(3H)17b-estradiol at highest in 3/5 laboratories using the CERI assay (Table 34) and 5/6 laboratories using the FW assay (Table 35).  
a Chemical tested up to 10-3 M (i.e., 1 mM) 
bDuring the validation study, benz(a)anthracene was reclassified as a non-binder (i.e., negative) based on published literature demonstrating that 
the in vitro estrogenic activity reported for this chemical (Kummer et al., 2008) is primarily dependent upon its metabolic activation (Gozgit et al., 
2004; Santodonato, 1997).  Enzymatic metabolic activation of the chemical would not be anticipated in the cell free hrER assays as used in this 
inter-validation study. Thus, the correct classification for this chemical is a ‘non-binder’ when used under the experimental conditions for the FW and 
CERI assays.  
*** Values reported for the mean LogIC50s were derived from the unconstrained PRISM fit data obtained during the standardized data analysis for 
all runs submitted by the participating laboratories.  With the exception of the controls (17β-Estradiol, norethynodrel) and those runs that were re-
analyzed using the 10% rule during the follow-up data analysis (Appendix H, pages 91-95), the actual estimates used for the mean LogIC50s may be 
less precise than if data had been analyzed using a constrained PRISM fit model for the weak binders (see Section III.A.2).  The overall means for 
LogIC50s are included here to demonstrate that the FW and CERI assays can detect binders with a range of potencies as well as non-binders.  
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V. Strengths and Limitations, FW and CERI assays 
 
154. This international validation study evaluated two hrER binding assays:  
 
 The Freyberger-Wilson Assay (FW) using a full length human ER, and 
 The Chemical Evaluation and Research Institute (CERI) Assay using a ligand-

binding domain of the human ER. 
 
155. Although the two assays are mechanistically and functionally similar in that each 
measures the ability of a test chemical to competitively inhibit binding of [3H]17β-
estradiol to the ER, there are subtle differences between the assays (e.g., full length 
receptor versus binding domain of the hrER, and variations in the protocols).  Validating 
the assays concurrently provided an avenue to directly compare the performance of the 
assays, and to demonstrate whether or not the subtle differences in the protocols 
impacted the reproducibility or accuracy. 
156. Results from the validation demonstrate the transferability of protocols for both 
assays among international laboratories, and that the reproducibility and overall 
performance of each assay is comparable to that of the U.S.EPA’s current test guideline 
for an ER binding Assay (OPPTS 890.1250, USEPA, 2009b). 
157. The purpose of an ER binding assay is to identify test chemicals that can bind to 
the estrogen receptor.  Once fully validated, the FW and CERI assays will provide an 
updated alternative that utilizes human recombinant ER (α subtype) as opposed to 
animal tissue as the source of receptor (as is the case for the current U.S. EPA test 
guideline for ER binding (OPPTS 890.1250, (USEPA, 2009b) and permits a higher 
through-put capability. It is anticipated that validation of the FW and CERI assays will 
potentially lead to the development of a performance-based test guideline for ER 
binding assays, in collaboration with the OECD (see section I.B, Potential uses of the 
assays). 
158. A summary of the strengths and limitations of the FW and CERI hrER binding 
assays is shown in Table 41, and takes into account the proposed uses of the assays. 
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Table 41. Summary, Strengths and Limitations, FW and CERI Assays. 

Strengths of the Assays 
 The relevance of the in vitro ER binding assays to biological functions has been clearly demonstrated.  

ER binding assays are designed to identify chemicals that have the potential to disrupt the estrogen 
hormone pathway, and have been used extensively during the past two decades to characterize ER 
tissue distribution as well as to identify ER agonists/antagonists. These assays reflect the ligand-
receptor interaction which is the initial step of the estrogen signaling pathway and essential for 
reproduction function in all vertebrates.  Inappropriate ER signaling can lead to effects such as 
increased risk of hormone dependent cancer, impaired fertility, and alterations in fetal growth and 
development (Diamanti-Kandarakis et al., 2009). 

 Historically, in vitro ER binding assays have proven to be a valuable, relatively simple tool, for rapidly 
identifying chemicals that can compete with endogenous estrogen for ER binding.  The practical use 
of these assays and their relevance to in vivo effects is well documented in the scientific literature 
(ICCVAM, 1997)).  The U.S. EPA’s Tier I Screening Battery for example, currently includes an ER 
binding assay that uses rat uterine cytosol (RUC) as source of receptor (Test Guideline OPPTS 
890.1250 (USEPA, 2009b)), which is used in conjunction with other in vitro and in vivo assays in the 
Agency’s Endocrine Disruptor Screening Program (EDSP) to determine whether there is a potential 
for a chemical to bind to the ER and potentially alter estrogen-mediated molecular and endocrine 
events. 

 The hrER assays eliminate the need for animal tissues as source of receptor. These assays use 
human recombinant estrogen receptor alpha subtype (hrERα) to identify chemicals that may affect 
the endocrine system by binding to the ER.  In addition, the validation of the newer hrER assays will 
likely greatly facilitate the development of assays for ERβ;  allowing a more systematic evaluation of 
the two ER subtypes that modulate some aspects of tissue specific effects of ER signaling (ref). 

 The hrER assays can identify test chemicals covering a range of potencies for binding to the ER. 

 The hrER assays provide an updated alternative to binding assays that use rodent or other animal 
tissues as a source of the ER. 

Limitations of the Assays 

 The hrER binding assays are limited to identifying chemicals that interact (e.g., bind) with the ER, and 
do not distinguish between ER agonists or antagonists. 

 The cell free receptor systems used in these assays do not allow metabolic activation of test 
chemicals. 

 The concentration range that can be tested in the assays for a chemical (substance) is limited by its 
solubility in the assay buffer. 

 The assays use a radioactive ligand that requires a radioactive materials license for the laboratory. 
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VI. General Conclusions, Compliance with Validation Criteria 
 
A.  General Conclusions 
 
159. Receptor binding is a well-recognized key event in the action of steroid hormones.  
It has been extensively studied and the basic binding assay used to characterize 
interaction with a steroid receptor relies on competition between a test chemical and 
strong natural or synthetic ligand for binding to the receptor.  This interaction can be 
modeled mathematically using a one-site competition or four parameter model based on 
the laws of mass action.  The biological and mathematical understandings of this type of 
assay are powerful reasons for its acceptance and use. 
160. The estrogen receptor competitive binding assay has long been in use and is 
well characterized, but historically uses rodent or other animal tissues as a source of the 
ER. Validation of the FW and CERI assays using human recombinant estrogen 
receptors (α subtype) will provide an updated alternative to currently used binding 
assays (e.g. current U.S. EPA test guideline for ER binding (OPPTS 890.1250, (USEPA, 
2009b)), as these two protocols  do not require animal tissues and also permit a higher 
through-put capability. 
161. The U.S. EPA served as the lead on the international validation effort of the two 
optimized assay protocols.  Both of these assays use human recombinant ERα: the FW 
uses a full length ER protein and the CERI assay uses a fusion protein containing the 
ligand binding domain of the ER.  The assays each contain two major components; 1) 
saturation binding, and 2) competitive binding.  Saturation binding is important because 
it confirms the specificity and activity of the receptor preparations.  Competitive binding 
experiments are used to evaluate the ability of a test compound to bind to hrER and, as 
such, are the key component of both hrER assays.  Transferability and reproducibility of 
the optimized test methods was successfully demonstrated by having a total of six 
laboratories for the FW assay and five for the CERI assay participate in the validation 
study.  Overall, a total of 29 compounds were tested in both assays which included 
three control chemicals, nine uncoded chemicals and 17 coded chemicals across 4 
subtasks. 
162. In subtask 1, all the laboratories demonstrated basic proficiency with the three 
control chemicals in both assays.  Testing of nine uncoded test compounds in subtask 2 
resulted in 100% of the average classifications in agreement with the expected results 
using either the CERI or FW assay.  An evaluation of individual laboratory performance 
when using the CERI assay, demonstrated that four of the five laboratories each 
correctly identified all of the expected binders vs. non-binders.  One of the five 
laboratories had equivocal classifications for four of the nine chemical (three expected 
binders and 1 non-binder).  Using the FW assay, five of the six laboratories correctly 
classified all nine chemicals.  The same laboratory that had difficulty with the CERI 
assay also had no acceptable data for two of the compounds when using the FW assay. 
163. In subtask 3, fourteen coded compounds were evaluated.  Overall, the average 
classification of all compounds was in good agreement with the expected results using 
either assay.  Twelve of the fourteen compounds tested using the CERI assays were 
correctly classified based on the average classification and thirteen of the fourteen 
using the FW. The differences were due to equivocal classifications for DBP in the CERI 
assay, and dibutyl phthalate in the FW assay.  In both assays DBP was equivocal rather 
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than negative as expected.  Upon closer inspection the reason became apparent.  
When DBP was tested as a coded test compound, it was tested to a higher 
concentration (10-3 M) than when used as a negative control (10-4).  In most of the 
laboratories this resulted in an additional decrease in binding, or an ambiguous curve fit, 
either of which resulted in a binder or an equivocal classification. Further some of the 
participating laboratories reported solubility issues (e.g. turbidity in test solutions) when 
testing DBP at 1 mM, whereas at 100 µM DBP was obviously fully soluble. 
Concentrations between 1 mM and 100 µM DBP were not tested so the limit of solubility 
and the magnitude of response at a concentration that is still soluble are still unknown.  
Generally it can be stated that DBP is a non-binder at concentrations up to 100 µM but 
results above this concentration remain inconclusive. 
164. Weak binders, as exemplified by heptylphenol, may not be able to be tested to 
high enough concentrations to produce a full binding curve.  Thus compounds that do 
not produce a full binding curve, as would be expected, proved the most challenging for 
a standardized data analysis and model fit without the use of constraints. To obtain a 
high quality binding curve for weak binders it is necessary to define the bottom of the 
curve.   To alleviate this issue, interim technical review of the data followed by possible 
reanalysis is recommended prior to final classification as discussed previously (Section 
III.A.2). 
165. In subtask 4, seven additional coded weak binders and non-binders were tested 
by two of the U.S. laboratories.  This task was undertaken to identify potential alternate 
weak positive and negative control compounds.  Both laboratories correctly classified 
each of the weak positives and negatives when testing in both assays. While there were 
solubility issues with some of these compounds, it did not interfere with the ability to 
classify weak binders.  Norethindrone was selected as the best alternate weak binder, 
and octyltriethoxysilane appeared to be the most promising as an alternate negative 
control for DBP. 
166. Tolerance bounds were developed for the reference and two weak positive 
controls.  Consistent results on these chemicals are good indicators of laboratory 
proficiency, and could be used to develop performance criteria for the assays. 
167. Challenges observed in the validation study when using a standardized data 
analysis support the use of an iterative process that includes additional technical 
reviews at key points to insure the proper final interpretation of assay data and 
classification of compounds. 
168. ER binding assays are designed to identify chemicals that have the potential to 
impact the estrogen signaling pathway.  The overall goal of the validation study was to 
demonstrate the ability of each of two assays to reliably and reproducibly classify the 
test chemical set into binders and non-binders.  Laboratories had little trouble with the 
binders which produced a full binding curve using either the CERI or FW assay.  As 
consistent with all ER binding assays, the weak binders proved to be more challenging 
for the laboratories because it is not always possible to test weak binders at 
concentrations high enough to produce a full binding curve.  Those runs may need 
closer scrutiny to determine if additional analysis is required before classification. 
169. Finally, the results from both the FW and CERI assays were consistent and in 
agreement with expected classifications even though there were differences in the form 
of the hrER (full length ER for FW vs. ligand binding domain for CERI) and subtle 
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differences in the protocols. Further, reproducibility of both assays is comparable to the 
existing ER binding guideline OPPTS 890.1250 without the need for the use of animal 
as the receptor source. 
 
 
 
 
B. Compliance with validation criteria 
 
Table 42. Status of validation criteria 

(ICCVAM, 1997) 
Criteria for Validation of In vitro Test 

Methods Status 

1. The scientific and regulatory rationale for the test 
method, including a clear statement of its proposed 
use, should be available. 

The scientific basis and rational for the method and 
its proposed use are stated in Section I.A and B. 

2. The relationship of the endpoints determined by 
the test method to the in vivo biologic effect and 
toxicity of interest must be addressed 

Binding of an estrogen to the ER is a well-
characterized, fundamental step in the normal 
process of hormone action and the in vivo 
biological effect. An assay that detects exogenous 
chemicals that interact with the ER and either 
mimic or competes with the natural ligand is 
needed to identify such chemicals (Section IB).   

3. A formal detailed protocol must be provided and 
must be available in the public domain.  It should 
be sufficiently detailed to enable the user to adhere 
to it and should include data analysis and decision 
criteria. 
 

Detailed protocols for both the CERI and FW 
assays are included in Appendixes J and K, 
respectively. In addition the components of each 
assay are described in Section II.4).    
 
Both protocols for the CERI and FW assays specify 
what is measured, how it is measured, how data 
should be interpreted and measures of assay 
performance for the reference estrogen, weak 
binder and non-binder controls.  

4. Within-test, intra-laboratory and inter-laboratory 
reproducibility and how these parameters vary with 
time should have been evaluated. 
 

The intra- and inter-lab reproducibility was 
evaluated and reported in Section IV. A-B using 3 
controls and 9 (uncoded) and 14 (coded) test 
chemicals. Each assay was evaluated in at least 5 
laboratories.  Overall, the average classifications 
as binder or non-binder were in agreement with the 
expected results. Each chemical was tested in 
three independent replicates with each run on a 
different date. 
   
An additional statistical analysis was conducted to 
evaluate intra- and inter-lab reproducibility for the 
percent false positives and overall r2 variability 
(Section IV.B.4). 
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5. The test method’s performance must have been 
demonstrated using a series of reference 
chemicals preferably coded to exclude bias.  
 

Each assay was used to successfully identify 
binders and non-binders as was confirmed using a 
total of 14 of coded chemicals in subtask 3 (Section 
IV.B3) with five (CERI) or six (FW) international 
laboratories participating in the validation study.  

6. Sufficient data should be provided to permit a 
comparison of the performance of a proposed 
substitute test to that of the test it is designed to 
replace.  

Both the FW and CERI assays performed equally 
well to each other and to the US EPA’s existing TG 
OPPTS 890.1250 as demonstrated by comparison 
of classification for controls and 23 test chemicals 
(Table 40). 

7. The limitations of the test method must be 
described (e.g., metabolic capability). Comparative 
strengths of the method should also be listed]. 

The strengths and limitations of the assays are 
described in section V. B.   

8. The data should be obtained in accordance with 
Good Laboratory Practices. 

Laboratory work was conducted in the spirit of 
conformance with Good Laboratory Practices and 
conducted under the scientific guidance and 
management of the laboratory study director. All 
data were audited by each independent 
laboratory’s contractor’s quality assurance unit 
prior to submission to the U.S.EPA.   

9.  All data supporting the assessment of the 
validity of the test methods including detailed 
protocols and the full data set collected during the 
validation studies must be made publically 
available.  Methodology and results should be 
subjected to independent scientific review and 
preferably published in an independent, peer-
reviewed publication.  

The Integrated Summary report is intended to be 
the vehicle for the peer review, but all underlying 
reports and data are available to the peer review 
panel.  
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 Appendix A: Acronyms and Abbreviations 
3H-  tritiated 

  A-  androgen 
  A/A-  acceptable 17β-estradiol and norethynodrel control data for a run  

A/U-  acceptable 17β-estradiol and unacceptable norethynodrel data for a run 
ADME-  Absorption, Distribution, Metabolism, and Excretion 
AR-  Androgen Receptor 

 Atr-  Atrazine 
  BaA-  Benz(a)anthracene 

 Bmax- maximal density of receptor sites 
BPA-  Bisphenol A 

 BRD-  Backgroud Review Document 
BSA-  Bovine Serum Albumin 
ButylPar-  Butyl paraben (n-butyl-4-hydroxybenzoate) 
CAB-  Chemical Advisory Board 
CAS #-  Chemical Abstracts Service Registry Number 
cDNA- complimentary deoxyribonucleic acid 
CERI-  Chemical Evaluation and Research Institute 

   Ci- curie 
  Cort-  Corticosterone 

 CV-  coefficient of variation 
DBP-  Di- n- butyl Phthalate 
DCC-  Data Coordination Center 
DDT-  o,p’-DDT,   1,1,1,-trichloro-2-[o-chlorophenyl]-2-[p-chlorophenyl]ethane 

  Dex-  Dexamethasone 
 DHT-  5α-dihydrotestosterone  

DMSO-  dimethylsulfoxide 
 dpm- disintegrations per minute 

E-  estrogen 
  E2-  17β-Estradiol 

 ECVAM-  European Centre for the Validation of Alternative Methods 
EDSP-  Endocrine Disruptor Screening Program 
EDSTAC-  Endocrine Disruptor Screening and Testing Advisory Committee 
EDTA-  Endocrine Disruptors Testing and Assessment 
EDTA-2Na-2H2O-  Ethylenediaminetetraacetic acid disodium salt dihydrate 
EE2-  17α-ethynylestradiol  
EGTA- Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid  
Elactone-  Enterolactone 

 ER-  Estrogen Receptor 
 ERβ-  Estrogen Receptor, beta subtype  

EtOH-  ethanol 
  FFDCA-  Federal Food, Drug, and Cosmetic Act 
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FIFRA-  Federal Insecticide, Fungicide, and Rodenticide Act 
FW-  Freyberger-Wilson Assay 
Gen-  Genistein 

  GST-  glutathione-S-transferase 
Hexestrol-  Meso-Hexestrol   
HPG-axis-    Hypothalamic-Pituitary-Gonadal 
HPT-axis-   Hypothalamic-Pituitary-Thyroid 
hrERα-  human recombinant estrogen receptor, alpha subtype 

IC50- inhibitory concentration50% 
ICCVAM-  Interagency Coordinating Committee on the Validation of Alternative Methods 
ISR-  Integrated Summary Report 

Kd-  equilibrium dissociation constant 
Lab A-  University of Missouri 

  Lab B-  Lovelace Respiratory Research Laboratory 
  Lab C-  CERI (Japan) 
  Lab D-  Bayer  

 Lab E-  CeeTox 
  Lab F-  University of Konstanz 
  LnSyx-  natural log Syx 

 MeSH-  Medical Subject Headings 
NE-  Norethynodrel 

 Nethdrone-  Norethindrone 
 NP-Nonylphenol 

   NSB-  Non-specific Binding 
OCSPP-  Office of Chemical Safety and Pollution Prevention   
OECD-  Organization for Economic Co-operation and Development 
OPPTS-   Office of Prevention, Pesticides and Toxic Substances  
OTES-  Octyltriethoxysilane 
P4-  Progesterone  

 PCR-  polymerase chain reaction 
Pfu DNA polymerase-  Pyrococcus furiosus deoxyribonucleic acid polymerase  
PRISM-  GraphPad PRISM Software, Inc., San Diego, CA  

r2-  coefficient of determination of a linear regression 
RBA-  Relative Binding Affinity 
RUC-  Rat Uterine Cytosol 

 SAP-  Scientific Advisory Panel 
SAS-  SAS Statistical Software, Cary, NC 
SB-  Specific Binding 

 SD-  standard deviation  
 SMT-  Study Management Team 

SpecAct-  specific activity 
 st1-  subtask 1 
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st2-  subtask 2 
  st3-  subtask 3 
  st4-  subtask 4 
  Std. Error-  standard error of the mean 

T-  thyroid 
  T1S-  Tier 1 Screening Battery (U.S.EPA’s Endocrine Disrupting Screening Program) 

Tamox- Tamoxifen   
 TB-  Total Binding 
 TBq-  terabecquerel  
 TC-  coded as a test chemical 

TG-  Test Guideline 
 Tris-HCl-  2-Amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride  

U/A-  unacceptable 17β-estradiol and acceptable norethynodrel control data for a run 
U/U- unacceptable 17β-estradiol and norethynodrel control data for a run 
U.S.EPA-  United States Environmental Protection Agency 
VMG-NA-  Validation Management Group, Non-Animal 
Zear-  Zearalenone 

  
 
 


