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EmployingProbabilistic Hazard AssessmaatCompare Sensitivity of
ToxCast Estrogen Agonist Assays
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Environmentahnd human health implications of endocrine disrupting chemicals
(EDCs), particularly xenoestrogens, have reegiextensive studyultiple in vitro and
in vivotechniguediave been developed to assess estrogenicity. However, the relative
sensitivity of these approaches and agreement of their conclusions remain inconclusive.
As little to no toxicity data existdr a vast number of compoundsetU.S. Environmental
ProtectionAgency (USEPA) created the ToxCast program to prioritize chemicals
requiring additional toxicity information with high thughput screening assays. In
addition, theEndocrine Disruptor Screening Program plans to use ToxCast data for
identifying potentiaEDCs,andmultiple assays pertain to endocrine disruption,
particularly estrogenicity. Probabilistic Hazard Assessment (PHA) approaches, such as
chemical toxicity distributions, can be used to measure the relative sensitivities®
assays by predictigthe likelihood of chemical classes eliciting specific toxicities at or
above environmentally relevant concentrations. The PHA in this study examined the
comparative sensitivity df9 assays for estrogen agoniggresenting a diveesgroup
compoundsfrmUEPA" s ToxCast dataset and noted
Overall,theseassays had various levels of consistency, and reporter gene assays wer
amang more sensitive designs. ToxCast estrogen agonist assaliacladow
probability of detettng compounds below an E2 thre&htor the MCF7 human breast
ademeaarcinoma proliferation assay, which suggests the relative sensitivity of ToxCast
estrogen agonist assays is lowen othein vitro models
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CHAPTER ONE

Introduction

Environmental and human health implications of endocrine disrupting
compounds, particularly xenoestrogens, have received widespread attention. In response
to early public concern, the U.S. Environmental Protection AgdaS§PA)began the
EndocrineDisruptor Screening Program (EDSP) after amendments to the Safe Drinking
Water Act and Federal Food, Drug, and Cosmetics Act in 1996 (SDWA,; EBEXCA,

1996. The EDSP is organized in two tiers for effectual screening of compounds that
could interfere wih estrogen, androgen, or thyroid systems. Whereas the first tier of the
EDSP aims to determine if compounds have the potential to interact with endocrine
targets, the second tier of testing provides additional effects information if warranted by
Tier One $reening (T1S) (USEPA, 1999). A weighit-evidence evaluation is required

for a compound to be selected for the second tier, because these additional assays are
expensive, time consuming, and require more animal resources. This tiered screening
approach isntended to allowSEPA to determine potential endocrine disruptors and
adverse effects efficiently (USEPA, 2011).

There remains, however, continuous dispute over assay selection for the EDSP,
especially for T1S (Borgert et al., 2011). Currentlyjrigitro andin vivoassays
constitute T1S and vary markedly in design, ranging from receptor binding tetestmort
reproductive assays (USEPA, 1999). Although this provides useful information,
uncertainty regarding sensitivity and specificity makes assaytiseletitical,

particularly for screeningpased approaches. Borgert et al. (2011) evaluated current T1S



methodologies and noted assay selection requires continuous evaluation. In addition, they
suggested aags should be orderdzhsed on specificity to mawize T1S effectiveness.

As more specific assays reduce confounding from other effects, theseassays

determine if a compounidterferes with specific endocrineelated targets, plusescribe

the necessity and relevance of additional testing. For sngekased approaches such as

the EDSP, assay selection is especiallyaaitas each assay hawious sensitivity and
specificity.

Assay selection and validation will also be critical to Tox21, a recent
collaboration between the National Institutes oalte Food and Drug Administration,
andUSEPA (USEPA, 2014a). imary goals of the Tox21 program are to identify new
mechanisms of chemical activity in celig prioritize untested chemicals, atadevelop
better predictive models of human responsex@amts (Schmidt, 2009). In contrast to
traditional,in vivotoxicity testing, Tox21 employ® vitro methods to understand
chemical attributes that initiate toxicity pathways. From this information, Tox21 aims to
identify chemical safety hazards through prioritized screening while avaidingo
testing concerns such as cost, time, and animal usedeoaisons (Krewski et al., 2010).
Because a vast majority of environmental contaminants lack toxicity data, this approach
can provide significant insight for chemical safety regulation (Judson et al., 2009).

As a component of the Tox21 collaboration, TogOa adatabaseleveloped and
organized byUSEPA that provides comprehensive hidinoughput toxicity screening
data (USEPA, 2014b). The most recent release of ToxCast data incorporated
approximately B0O0 compounds acss &0 various assays, includingdatrinerelated

screens. Given current T1S limitatioSEPA aims to use higthroughput screening



assays from ToxCast to identify the most problematic chemicals requiring T1S in the
EDSP (USEPA, 2012). Using the first phase of ToxCast data, Rotroff(2DaBa)
evaluated various endocrinelated assays, and suggested ToxCast assays could be
useful for prioritizing compounds for T1S. With the inclusion of these endocrine
disrupting assays in ToxCast, thousands of potential EDCs will be screeneddor thes
endpoints, which may be beneficial for determining aredicting chemical hazards.

With the most recent data release, there are now multiple ToxCast assays that
evaluate potential for endocrine disruption, particularly estrogenicity. In sum, thei@ are 1
estrogen agonist assays in ToxCast (USEPA, 2014b). Assays Vestedéor ToxCast
to measure a diverse set of key signaling pathways and phenotypic endpoints (Kavlock et
al., 2012), which may provide insight across an adverse outcome pathway (AOP)
(Ankley et al., 2010). Briefly, intaction between a ligand aedtrogen receptor serves
as the molecular initiating event for estrogen agonists. The estrogen receptor then
functions as a transcription factor for subsequent gene activation, protein prodaction
altered signaling, causing overall cellular responses (Ankley et al., 2010).

When toxicity information for a chemical is not available, or when multiple
model systems exist for a toxicity pathway, probabilistic hazard assessment (PHA) using
chemicaltoxicity distribution (CTD) approaches may be useful. These CTDs are
particularly useful for coiparative toxicologySolomon et aJ 2000) because they
facilitaterobust comparisons of modes of action categories and chemical classes, when
sufficient dateare available. Further, CTDs can allow hazard and risk assessors to
determine the probability of encountering a compound eliciting a specific toxicological

effect for environmentally relevant concentrations. Previous studies have used CTDs and



PHA approachs to examine various chemical classes such as pharmaceuticals (Brain et
al., 2006; Berninger and Brooks, 2010), antimicrobial agents (Dobbins et al., 2009),
surfactants (Williams et al., 2011), and oil dispersants (Berninger et al., 2011). They have
further been used to identify thresholds of toxicological (Kroes et al., 2000) and
ecotoxicological concern (de Wolf et al., 2006) for industrial chemicals, and to examine
common modes of action such as acetylcholinesterase inhibition (Williams et al., 2011).
The Brooks lab groupecently (Dobbins et al., 2008) utilized CTDs in a PHA
framework to examine sensitivities of three commowitro and three commoim vivo
fish model estrogen agonist assays. Though this initial study (Dobbins et al., 2008)
proposed CTDs as an approach to identify sensitive assays for estrogen agonist, it was
limited by a relatively low number of data points acquired from the literaturehasd
observations were inherently influenced by interlaboratory variability and subtle
differences in quality assurance and experimental design. Recent ToxCast data
availability for multiple esbgenicity assays now facilitalemore robust examinatiaf
findings from our initial study (Dobbins et al., 2008). Thus, the primary objective of this
study was to employ CTDs and a PHA approach to identify differences in sensitivity

amongin vitro estrogen agonist assays from the ToxCast database.



CHAPTER WO

Materials and Methods

ToxCast Data Review andaction
A comprehensive review of the ToxCast database

(http://www.epa.gov/ncct/toxcast/data.hjmias performed, and 19 estrogen agonist

assays (Table 1) were selected for study. Of these assays, three biochemical receptor
binding assays were provided by Novascreen anddedlmuclear receptors froBos

taurus Mus musculusandHomo sapiensinterestingly, these were the only rogllular

assays among estrogen agonist assays in ToxCast (Knudsen et al., 2011). Among
multiple reporter gene assay providers, Attagene provided 4 assays that measured cis
and trangregulated transcription factor activity using a multiplexed assessment (Martin et
al., 2010). The National Chemical Genomics Center (NCGC) assays are from the Tox21
program and also used a reporter gene design with HEK293H aridcBi& (Huang et

al., 2011). Odyssey Thera provided 3 reporter gene assays with HeLa cells and 6 protein
complementation assays for ESR1 and ESR2 targets (MacDonald et al., 2006). Finally,
The ACEA assay used retine growth kinetics to measure cell proliferation wd T

human breast cancer cells, which are responsive to estrogen agonists (Rotroff et al.,
2013b). As evident from these descriptions, estrogen agonist assays from ToxCast varied
in their design and spemity to measure endpoints alotige toxicity pathway in an AOP

construct.


http://www.epa.gov/ncct/toxcast/data.html

Assay Name Assay Endpoint Target Target Source

ACEA T47D 80hr Posite Cell proliferation ESR1 Homo sapien347D

Attagene ERa TRANS Reporter gene ESR1 Homo sapienslepG2

Attagene ERa TRANS perc Reporter gene ESR1 Homo sapienslepG2

Attagene ERE CIS Reporter gene ESR1 Homo sapienslepG2

Attagene ERE CIS perc Reportergene ESR1 Homo sapienslepG2

NCGC Tox21 ERa BLA Agonist ratio Reporter gene ESR1 Homo sapienslEK293H

NCGC Tox21 ERa LUC BG1 Agonist Reporter gene ESR1 Homo sapien8G-1

Novascreen NR bER Receptor binding ESR1 Bos taurudJterus membrane cell
Novascreen NR hER Receptor binding ESR1 Homo sapien8reast cancer cell
Novascreen NR mERa Receptor binding ESR1 Mus musculu€ell

Odyssey Thera ER ERaERa 48/1440hr Protein complementation ESR1 Homo sapienslEK293T
Odyssey Thera ER ERbERDb 48/1440hr Protein complementation ESR2 Homo sapienslEK293T
Odyssey Thera ER ERaERDb 48/1440hr Protein complementation ESR1, ESR2 Homo sapiensIEK293T
Odyssey Thera ERa EREGFP 12/48hr Reporter gene ESR1 Homo sapiensieLa

Odyssey Thera ERa ERELUC AG 1440hr Reporer gene ESR1 Homo sapiensieLa

ESR1 and ESR2 refer to estrogen receptor 1 (alpha) and 2 (beta), respectively

Table 1: Seleetd ToxCast estrogen agonist assays and descriptions

Phase I, Il, and E1K datasets were downloaded directly@iSmP A s websi t e
(accessed 13.01.14Activity concentratiorb0 (ACso) values, the concentration that
elicits 50 percent of a maximum response, were converted from UM to g/l asits
recommended for a CTD moddll ACso values were calculated RJSEPA to
determine concentratieresponse results using a four parameter Hill function. Outliers
had been previously removed using a detection routine described by MotulsRyosmd
(2006), which ensures thegalues were below cytotoxic thresholds. With the exoept
of Novascreen, all assays had one or more technical replicates and run in concentration
response mode. The Novascreen assays were only run in concemaggionse mode if
an initial test with a single concentration demonstrated a relevant respeitberat0 or

25 ug/L, depending on the assay.



Chemical Toxicity Distribution @struction
Compounds were selected for CTD construction (Brain et al., 2006) for two
comparative studies. The first exercise utilized all compounds to construct a CTD for
each assay. In the second study, comnoonpounds were selected amassays, as to
preserve the comparative integrity for sensitivity analysis. BrieflysoA@lues for each
assay were placed in increasing order to establish a numerical rank for eachicdnfp
percent rankjj was then calculated using the Weibull formula:

. (iA00
" (n+))

wherei is the numerical rank andis the number of compounds. AdEoncentration data
were transformed to a common log scale on th&iz and plotted againgteir calculated
percent rank on a probability scale for thaxys using SigmaPlot (12.5; Chicago, IL,

USA). A line of best fit was then produced for each distribution using a linear regression
model.

As introduced above, CTDs can be interpreted two Wiy, a concentration of
interest can be selected, and the percentage of compounds that are likely to have a
specific biological effect at or below that concentration estimated. Alternatively, with
selection of a specific probability centile, one camtdg a corresponding concentration.
These hazard concentration (HC) values for the 1st, 5th, 10th, and 95th centiles were
calculated using Microsoft Excel (2013; Redmond, WA, USA) using the following
formula, as initially presented by Solomon et al. (2000

Probability below x = NORMSDI ST{ [ mt ox
In this equation, x refers to a selected threshold value, mtox to the slope of regression

line, and btox to the intercept of the regression line from the CTD. For each assay, the



concentration coriuting a particular centile as described by the CTD can then be used
to detemine the sensitivitypf each estrogen agonist assay. The 5th centile was selected
as the probability value for comparison to be consistent with our previous efforts
(Dobbirs etal., 2008). This signifiethe concentration at or below whithere is a 5%
probabilitya compound will elicit an estrogenic response in a speugifidro assay.

The percent below 0.003/L wasalsodetermined for each assayhich representa
response fot 7-@stradiol in theMCF-7 human breast ademocarcinoma proliferation
assay, another commanmvitro estrogen agonist modél geometric mean was used to
calculate this threshold using E5&alues fromBreinholt et al. (1998), Folmar et al.
(2002), Olsen et al. (2005), Schlumpf et al. (2001; 2004), and Wiese €3%1).(1

Probability values less than-$@ere reported as 0.000%.



CHAPTER THREE

Resultsand Discussion

Results for All Compounds Evaluated by ToxCast Estrogen Ag@siay#\

When CTDs employed all compounds (Table 2), distributions were robust due to
a high number of compounds) for each assay. The AttageERa TRANS assay
distributionincorporated the most compounds with 437 distinct values, while the
Novascreen NR bER distribution had 66 compounds. Among all compoungsait€s
ranged from 0.534 to 173 ug/L at the 5th centile for Novascreen EN bER and Attagene
ERa TRANS, respectivgl(Figure 1). The difference between these valuesngady

three orders of magnitude.



Concentration (g/L) for each centile ~ Probability

below
Assay n r? a b 1% 5% 10% 95% threshold
ACEA T47D 80hr Positive 240 0.914 0.765 -2.000 0.375 292 8.71 58500 0.0016%
Attagene ERa TRANS 437 0.859 1.238 -4.417 48.8 173 341 78900 0.000%
Attagene ERa TRANS perc 437 0.884 1.230 -4.199 33.3 119 235 56200 0.000%
Attagene ERE CIS 282 0.858 1.097 -3.789 21.5 90.0 193 89500 0.000%
Attagene ERE CIS perc 282 0.879 1.107 -3.668 16.3 67.4 144 63300 0.000%

NCGC Tox21 ERa BLA Agonist ratio 227 0.724 0.710 -2.400 1.27 11.6 37.6 498000 0.00053%
NCGC Tox21 ERa LUC BG1 Agonist 277 0.740 0.762 -2.410 1.29 10.1 30.2 208000 0.00025%

Novascreen NR bER 66 0938 0.655 -1.466 0.0488 0.534 1.91 55900 0.045%
Novascreen NR hER 125 0.907 0.705 -1.733 0.144 1.33 4.37 61700 0.0098%
Novascreen NR mERa 105 0.926 0.848 -2.272 0.863 549 147 41500 0.00015%
Odyssey Thera ER ERaERa 48hr 130 0.822 1.116 -3.841 22.8 92.9 197 82400 0.000%
Odyssey Thera ER ERaERa 1440hr 107 0.884 1.165 -3.821 19.2 73.9 151 49300 0.000%
Odyssey Thera ER ERbERD 48hr 191 0.809 1.063 -3.572 14.9 65.0 143 80800 0.000%
Odyssey Thera ER ERbERb 1440hr 169 0.861 1.105 -3.535 124 51.4 110 48800 0.000%
Odyssey Thera ER ERaERD 48hr 217 0.797 1.135 -3.946 26.7 106 222 84100 0.000%
Odyssey Thera ER ERaERb 1440hr 179 0.835 1.283 -4.365 38.8 132 253 48400 0.000%
Odyssey Thera ERa EREGFP 12hr 185 0.840 0.843 -2.719 2.92 18.8 50.6 150000 0.000017%
OdysseyThera ERa EREGFP 48hr 152 0.826 0.800 -2.528 1.79 12,7 36.1 163000 0.000084%

Odyssey Thera ERa ERELUC AG 1440 127 0.766 0.909 -2.761 3.01 16.9 425 70700 0.0000050%

n = number of compounds? = correlation coefficienta = slope of regression link;= y-intercept of regression line
Table 2:Equations for chemical toxicity distribution regressions and corresponding

hazard concentrations at selected centiles for all compounds evaluated by 19 ToxCast
estrogen agonist assays
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Figure 1:Chemical toxicity distributions for all available chemicals examined by
Novascreen NR bER and Attagene ERa TRANS estrogen agonist assays in ToxCast

CTD results for the HEvaried for each assay with diffel@s regarding the type,

length, and target of each assay. When considering assay type, the Novascreen

biochemical receptor binding assays constituted the 1st, 2nd, and 4th lowest

concentrations values at the 5th centile, followed by the NCGC Tox21 regenier

assays. The ACEA T47D cell proliferation assay had the 3rd lowest concentration. For

assays with multiple durations, longer assays provided lowewvBiGes with the

exception of the Odyssey Thera ER ERaERb assay. This assay was also the only one to

employ multiple targets, including both ESR1 and ESRZ2; its \H{lies were the 2nd

and 4th highest among all assays. Among a common Odyssey Thera design for a single

target, ESR2 assays had lower¥@lues than ESR1 assaf&nally, for all compounds,
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ToxCast estrogen agonist assays had a low probability of detecting compounds below the
0.0015 pg/ L threshold, i1indi/bedst ng | ower se

adenocarcinoma proliferation assay

Results for Common Compounds Evaluated by ToxCast Esthggerst Asays
Whereas the first study compared PHA results for all compounds, the second
exercise compared assay sensitivities when CTDs contained a common group of
compounds. Among the 19 ToxCast assays for estrogenicity, there were 17 common

compoundswhich were primarily pharmaceuatils and plasticizers (Table 3).

Compound CASRN Formula  Molecular Weight(g/mol) Use LogP
1 7-Bstradiol 57-91-0 CigH240, 272.382 Pharmaceutical 3.94
1 7-@|thinylestradiol 57-63-6 Cy0H240, 296.403 Pharmaceutical 3.67
1 7-Bstradiol 50-28-2 CigH240, 272.382 Pharmaceutical 4.01
2,2',4 4 Tetrahydroxybenzophenon 131-55-5 Ci13H100s 246.216 UV-absorber 2.40
2,4-Dihydroxybenzophenone 131-56-6 Ci3H1003 214.217 UV-absorber 2.96
4-(1,1,3,3Tetramethylbutyl)phenol ~ 140-66-9 C1H2:,0 206.324 Chemical intermediate 5.28
4-Cumylphenol 599-64-4 CysH160 212.287 Chemical intermediate 3.70
4-Nonylphenol, branched 84852153 CisH240 220.351 Industrial precursor  5.92
Bisphenol A 80-05-7 Ci15H1602 228.286 Plasticizer 3.32
Bisphenol AF 147861-1  CysHi0F602 336.229 Plasticizer 4.50
Bisphenol B 77-40-7 C16H1802 242.313 Plasticizer 4.13
Daidzein 486-66-8 CisH1004 254.238 Flavone 2.55
Diethylstilbestrol 56-53-1 Ci1gH200, 268.350 Pharmaceutical 5.07
Estrone 53167 Ci1gH2:0, 270.366 Pharmaceutical 3.13
Genistein 446720 Ci5H100s 270.237 Natural product 2.84
MesoHexestrol 84-16-2 Ci1gH2,0, 270.366 Pharmaceutical 5.60
Norethindrone 68-22-4 CioH2602 298.419 Pharmaceutical 2.97

Table 3:Chemical characteristics for substances commonly examined by
19 TakCastestrogen agonist assays
Though sample size is reduced by this selection, it allowed for a more robust
comparison of assay sensitivity given the common group of compounds. Imfaag a

the 17 common compounds, all are known estrogen agonists and thus share a common

12



modeof action, allowingdirect assay sensitivity analysis. From CTDs developed for this
analysis, He values ranged from 0.00505 to 4.4 ug/L (Table 4). Whereas the NCGC
Tox21 ERa BLA Agonist ratio assay elicited a response at the lowesth#30dyssey

Thera ER ERaERa 1440hr assay had the highest/&lGe (Figure 2).

Concentration (ug/L) for each centile: ~ Probability

below
Assay n r2 a b 1% 5% 10% 95% threshold
ACEA T47D 80hr Positive 17 0.899 0.841 -1.004 0.0268 0.173  0.468 1410 3.6%
Attagene ERa TRANS 17 0.971 1.007 -1.841 0.329 1.56 3.59 2900 0.00014%
Attagene ERa TRANS perc 17 0.953 1.194 -1.892 0.433 1.61 3.25 917 0.0000071%
Attagene ERE CIS 17 0.941 0.985 -1.599 0.183 0.898 2.10 1970 0.00059%
Attagene ERE CIS perc 17 0.980 1.154 -1.742 0.311 1.21 2.50 859  0.000029%
NCGC Tox21 ERa BLA Agonist ratio 17 0.875 0.437 -0.642 0.000139 0.00505 0.0343 173000 3.0%
NCGC Tox21 ERa LUC BG1 Agonist 17 0.918 0.559 -0.591 0.000788 0.0130 0.0582 9950 1.5%
Novascreen NR bER 17 0.907 0.526 -0.721 0.000888 0.0175 0.0860 31500 1.4%
Novascreen NR hER 17 0912 0.611 -0.610 0.00155 0.0202 0.0795 4910 0.10%
Novascreen NR mERa 17 0.967 0.804 -1.049 0.0258 0.182 0.514 2250 0.045%
Odyssey Thera ER ERaERa 48hr 17 0.910 0.825 -2.030 0.437 2.93 8.07 28400 0.00065%
Odyssey Thera ER ERaERa 1440hr 17 0.901 0.913 -2.232 0.788 4.40 11.0 17700 0.000076%
Odyssey Thera ER ERbERDb 48hr 17 0.968 0.936 -1.690 0.209 1.12 2.73 3640 0.00073%
Odyssey Thera ER ERbERb 1440hr 17 0.969 0.886 -1.607 0.154 0.907 2.33 4680 0.0020%
Odyssey Thera ER ERaERDb 48hr 17 0.926 0.903 -1.857 0.302 1.72 4.33 7530 0.00052%
Odyssey Thera ER ERaERb 1440hr 17 0915 0.916 -2.111 0.583 3.23 8.05 12600 0.00013%
Odyssey Thera ERa EREGFP 12hr 17 0.907 0.602 -0.830 0.00327 0.0443 0.178 12900 0.57%
Odyssey Thera ERa EREGFP 48hr 17 0.908 0.598 -0.868 0.00364 0.0502 0.204 16000 0.53%
Odyssey Thera ERa ERELUC AG 1440 17 0.879 0.477 -0.879 0.000927 0.0248 0.143 194000 1.3%

n = number of compounds;  correlation coefficient; a = slope of regression line; birtgrcept of regression line
Table 4:Equations for chemical toxicity distribution regressions and corresponding

hazard concentrations selected centiles for 17 common compounds evaluated by 19
ToxCast estrogen agonist assays
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Figure 2:Chemical toxicity distributions for 17 common chemicals examined by NCGC
Tox21 Era BLA Agonist ratio and Odyssey Taé&tR ERaERa (1440hr) estrogen agonist
assays in ToxCast
Here again, CTD Hg&results varied with assay design. The NCGC Tox21

reporter gene assays elicited responses at the lowest concentrations, followed by two
Novascreen NR biochemical assays from bovine and human sources. The third
Novascreen NR assay had the 9th lowest coratgot at the 5th centile, as the Odyssey
Thera reporter gene and ACEA cell proliferation assays elicited a response at lower
concentrations. Unlike CTD results for all compounds, assays with longer exposure
durations with common compounds required higimercentrations to produce arfest,

with the exception oDdyssey Thera EERbDERD assayf&onsistent with earlier

observations, this assay for the ESR2 target had a lower hazard concentration at the 5th

14



centile reldéive to the similar ESR1 assayverall, The NCGC Tox21 ERBLA Agonist

ratio assay wasost sensitive, followed by the NCGC Tox21 ERa LUC BG1 Agonist
assay from the sagrprovider. Both assays emplayeporter gene design; however,
different reporters and cell types were used. Additional repgene assays were

relatively sensitive and included the Odyssey Thera ERa ERE LUC AG 1440hr, Odyssey
Thera ERa EREGFP 12hr, and Odyssey Thera ERa EREGFP 48hr assays, which were
ranked as the 5th, 6th, and 7th most sensitive, respectivelpuldshisobe noted that
Novascreen biochematreporter binding assays were noticeadgsitive, particularly

those using human and bovine nuclear receptors. Because reporter gene assays
constituted 5 of the 7 most sensitive assays, this design may be advantageous
identifying estrogenic compounds, particularly at low concentrations.

With the evaluation of common compounds, select assays were more sensitive for
particular endpoints among an estrogenic toxicity pathway. Once again, the Novascreen
NR bER assay wamost sensitive for receptor binding. Interestingly the Attagene ERE
CIS assay was more sensitive without perc, a coactivator esthegen receptor, and
was moresensitive among reporter gene assays evaluating specificdrahsis
transcription facta@. As the most sensitive assay overall, the NCGC Tox21 ERa BLA
Agonist ratio was also most sensitive for common reporter gene assays. Similar to the
first comparative study, the Odyssey Thera ER ERbERDb 1440hr and ACEA T47D 80hr
Positive assays were moshsgive in measuring protein complementation and cell

proliferation, respectively.

15



Discussion

Environmental and human health effects of estrogen agonists have received
considerable study over the past two decades. However, identifying attributes of
molecules that target receptors and enzymes responsible for normal endocrine system
function remain a important research need (Hotchkiss et al., 2008). Estrogenic activity
can be measured in a varietyiofvitro andin vivo assays that examine anety of
endpoints and witlrarying sensitivities (Dobbins et al., 2008). These considerations
make assay selection critical, particularly for screesiaged pproaches such as
ToxCast and the EDSP. Because high throughput screening results from ToxCast provide
unprecedented inforation regarding relative assay sensitivity and specificity, this study
identified a gradient of sensitivities exhibited by variousitro estrogen agonist assays.

Previous studies comparing estrogen agonistyassareseverely limited.
Initial concernsurrounding endocrine disruption prompted assay development and
validation, even before the EDSP. Though the seauterotrophic assay represerttesl
gold standard of estrogen screens, additional assays such as the yeast estrogen screen
(YES) and MCF7 breast cancer cell assays were developed to provide an effactual
vitro assessment of estrogen agonists. Coldham et al. (1997) was among the first to
evaluate these assays; however, they compared sensitivity using percent responses for
only one compound, PBfestradiol. Additional compounds were used to compare these
and other estrogen agonist assays, such as vitellogenin (VTG) induction, in Andersen et
al. (1999), Folmar et al. (2002), and Van den Belt et al. (2004) using percent response,
ECso, and EGY/ECso values, respectively. Results from these assessments varied

markedly and were inconclusive overall, as they only compared single point values for a

16



relatively small number of compounds. This is problematic because estrogenicity
between assays can varyneaeraby with a selected compound. Sudriability can

have a significant impact on results, especially for assessments comparing single point
values as each assay is more sensitive for a particular compound. By evaluating only a
few compounds, previowsssay comparisons have been limited in their approach.

Probabilistic approaches, such as CTDs, provide a robust model for assay
comparison, and these methods avoid many limitations of previous assessment protocols.
Rather than restricting comparisons t&iregle compound, CTDs incorporate effects
information for mitiple compounds, which creatasstrong distribution to compare
assays. In addition, the inclusion of multiple compounds in CTDs reduces uncertainty and
variability commonly encountered with gile point values; however, it is still important
to consider the compounds selected for comparative analysis. Similar to the selection of
more sensitive species in a species sensitivity distribution, the inclusion of highly
estrogenic compounds in a CTD yrekew results from relevant environment exposures
(Solomon et al., 2000). Ideally, when comparing assays, CTDs will employ common
compounds to mitigate this uncertainty (Dobbins et al., 2008). Given these
considerations, probabilistic approachesaateanageoudor comparative sensitivity
analysis as they reduce uncertainty from comparing single point values.

CTDs are also useful for additional PHA applications, particularly when
distributions are representative of a comprehensive set of compoundsridbad i
environment. For example, among a robust data set, this approach can determine the
probability of finding a compound at or below a particular exposure threshold, or the

concentration constituting a probability of interest. Given insufficient exposure
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information, this may be useful for determining a threshold of toxicological concern for
estrogen agonists by employing a probabilistic approach commonly used in
environmental risk assessment (Kroes et al., 2006; Brain 208b6). Especially when
toxicity information is limited, a CTD probabilistic approach can also assess #figael
hazards of compounds ancommon chemical class (Dobbins et al., 2008). Thus, CTDs
provide a model for numerous PHA applications.

Given the benefits of probabilistic apaiches and shortcomings of previous
comparative assessments, Dobbins et al. (2008) employed CTDs to compare estrogen
agonist assays. Data for three comronitro andin vivoassays were collected and
evaluated using CTDs, determining the MZE&nd rainbw trout VTG asays were most
sensitive f or f{réspectielydowgver/the distributiens were lindted
by data availability, particularly fan vivo studies. With these restrictions, their
assessment determiniedvitro methods were lesensitive for estrogen agonists;
however, there is considerable possibility compound selection influenced this outcome.
From this, the authors suggested distributions should employ common compounds from
robust datasets, as this would reduce uncertaioty tompound selection. Even with
data limitations, Dobbins et al. (2008) demonstrated CTDs were an applicable model for
comparing assays.

With the recent availability of toxicity data from ToxCast, there is abundant
information for estrogen agonists acrassltiple assay designs, which lends itself for
comparative studies. In total, 19 estrogen agonist assays evaluated over 1,800
compounds. While various providers developed and ran these assays, USEPA reviewed

and processed data according to common proesdaffering comparable results. These
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features of ToxCast provided an ideal opportunity to develop probabilistic models for
comparing assays, which consider various endpoints along a toxicity pathway. Among

these endpoints, assays evaluated receptomgritiovascreen), transcription factor

activity (Attagene), gene expression (NCGC Tox21 and Odyssey Thera), and cell

proliferation (ACEA). To compare these assays, common compounds were selected for
study, and the NCGC Tox21 ERa BLA Agonist ratio assayth@snost sensitive at the

5t centile. However, although this agswasmost sensitive overall, additional assays

represent other componemtsthe estrogen agonipathway. Given the purpose of an
assay’'s selection, this specificity should
informs on various toxicological endpoints.

Relative to other estrogen agonist models, there were apparent differences in
sensitvity for ToxCast assays. In particular, these assays had a low probability of
detecting compounds belemE 2 t hr eshol d of O0O-7uf@anbreastg/ L f
ademocarcinoma proliferation assByobabilities were lower when CTDs employed all
compoundswhich represented a larger universe of compouhilsse results indicate the
relative sensitivity of ToxCast estrogen agonist assays is lower thanrotiiieo models
especially aPobbins et al. (2008) noteddCF-7 wasmoresensitive thary ES and
hepabcyte VTG induction assayWhile ToxCast assays are designed for screening
based approaches, their sensitivity is limiteldtive to other estrogen agonist models.

While the concept of sensitivity evaluates assay performance in this study, there
are addional ways to compare assays, such as hit colwBEPA defines a hit in

ToxCast ag chemicakssay pair achieving an Agbelow cytotoxic thresholds for each

19



assay (Kavlock et al., 2012jits canalsobe compared to the total numbertedt

compoundgo provide an activatpercentagélable 5).

Assay

Chemicals Testec Hit Count

Percent Active

ACEA T47D 80hr Positive

Attagene ERa TRANS

Attagene ERa TRANS perc
Attagene ERE CIS

Attagene ERE CIS perc

NCGC Tox21 ERa BLA Agonist ratio
NCGC Tox21 ERa LUC BG1 Agonist
Novascreen NR bER

Novascreen NR hER

Novascreen NR mERa

Odyssey Thera ER ERaERa 1440hr
OdysseyThera ER ERaERa 48hr
Odyssey Thera ER ERbERDb 1440hr
Odyssey Thera ER ERbERDb 48hr
Odyssey Thera ER ERaERDb 1440hr
Odyssey Thera ER ERaERDb 48hr
Odyssey Thera ERa EREGFP 12hr
Odyssey Thera ERa EREGFP 48hr

Odyssey Thera ERa ERELUC AG 1440

1815
1857
1857
1857
1857
1858
1858
1858
1858
1858
1847
1851
1846
1851
1846
1853
1856
1854
1856

240
442
442
283
283
227
278

66
126
105
109
131
170
192
181
218
185
152
127

13%
24%
24%
15%
15%
12%
15%
4%
7%
6%
6%
7%
9%
10%
10%
12%
10%
8%
7%

Table 5: Hit counts and percent activity summary for ToxCast compiled from USEPA
Interactive Chemical Safety for Sustainability DashbdBlSEPA, 2014c)
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example, in Phaseof Toxcast, Attagene assays had an#@aximum of 200 uM,
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interest to reduce false negatives, particularly for scredrmasgd approaches, this
continuum should be considered during assay selection.

While this study evaluated ToxCast assays for their relative sensitititess are
additional considerations for assay selection, such as consistency. The ratkeng of
mostestrogenic compounds in ToxCast varied markedly for each assay, which indicates
there aralifferences in consistency. An evaluation of this consisteras/requiregdand
calculated byaddingthe estrogeniity ranks of each compouridr all assays, thus
determining a&onsensus of the most estrogenic compoyhdsle §. Included in this
analysis was the relative binding affinity (RBA) of each compound for the estrogen
receptor and7 fEstradiol aghe control Data were compiled from peegviewed
literature when possible, or the USEPA ACToR database

(http://actor.ep@ov/actor/faces/ACToRHome.jsp
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Compound ToxCast Rank RBA Rank logRBA Reference

1 7-Estradiol 5 6 0.49 Blair et al. 2000
1 7-Ethinylestradiol 3 3 2.28 Blair et al. 2000
1 7-Bstradiol 3 4 2.00 Blair et al. 2000
2,2',4,4Tetrahydroxybenzophenone 16 10 -1.03 Yamasaki et al. 200z
2,4-Dihydroxybenzophenone 17 17 -2.61 Blair et al. 2000
4-(1,1,3,3Tetramethylbutyl)phenol 13 13 -1.82 EPA ACToR

4-Cumylphenol 15 16 -2.30 EPA ACToR

4-Nonylphenol, branched 12 12 -1.53 Blair et al. 2000
Bisphenol A 11 15 -2.11 Blair et al. 2000
Bisphenol AF 7 7 -0.11 Akahori et al. 2008
Bisphenol B 7 11 -1.07 Blair et al. 2000
Daidzein 14 9 -0.82 Kuiper et al. 1998
Diethyilstilbestrol 1 1 2.60 Blair et al. 2000
Estrone 6 5 0.86 Blair et al. 2000
Genistein 9 8 -0.36 EPA ACToR

MesceHexestrol 2 2 2.48 Blair et al. 2000
Norethindrone 10 14 -2.00 Schoonen et al. 199!

Table 8 Consensus ranking of the most estrogenic compounds according to 19 ToxCast
assaysplus relative binding affinitieRBA)r e | a t i -“estradiolfor edcff g@mpound
Overall, consensus ranking of estrogenicity was relatively similar to RBA values for most
compounds, particularly steroid hormones. Here, REA picked as a comparative
modelbecause this endpoint had adequtfor all compoundsln addition, there is a
high correlation between RBA amdore robust testingroceduressuch as tha vivo
mouseuterotrophicassay (Yamasaki et al., 2004). With the consensusastaklished,
these values wer@mpared withestiogenicity ranks for each compouhgassay. The
absolute value difference between these values was determined, added for all compounds

constituting an assay, and ranked as a measure of consiSiabty 7.
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Assay Difference of Rankings Consistency Rank

NCGC Tox21 ERa BLA Agonist ratio 21 1
Odyssey Thera ER ERaERa 48hr 22 2
Odyssey Thera ER ERaERDb 1440hr 23 3
Odyssey Thera ER ERaERa 1440hr 24 4
Odyssey Thera ER ERbERD 48hr 24 4
NCGC Tox21 Era LUC BG1 Agonist 27 6
Odyssey Thera ER ERaERDb 48hr 28 7
Attagene ERE CIS 29 8
Odyssey Thera ER ERbERD 1440hr 30 9
Attagene ERE CIS perc 33 10
ACEA T47D 80hr Positive 35 11
Odyssey Thera Era ERELUC AG 1440 hr 35 11
Odyssey Thera Era EREGFP 12hr 36 13
Novascreen NR bER 38 14
Odyssey Thera Era EREGFP 48hr 39 15
Novascreen NR mERa 41 16
Attagene ERa TRANS 44 17
Attagene ERa TRANS perc 47 18
Novascreen NR hER 53 19

Table 7 Consistencyankscalculated by comparing sum absolute value differences

between consensus ToxCast and individual assay rankiggsrogenic compounds
As evident by these differences, each assay reportyavitbus levels of consistency.
The NCGC Tox21 ERa BLA Agonist ratio assay was the most consistent, and over two
times more consistent than Novascreen NR bER, which was stetsistent-rom
this, ToxCast assays vary with consistency when identifying the most estrogenic
compounds.

These considerations are particularly applicable in context of the EDSP, as

ToxCast assays evaluate many common endpoints with T1S. A prewidydgtRotroff
et al. (2013) identified Phase | ToxCast assays were predictive of endocrine disruption
and useful for prioritizing chemicals for T1S assays in the EDSP. With the inclusion of

additional assays in Phase Il and E1K data sets, these assesametso likely to be
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predictive of endocrine disruption. For estrogen agonists, many ToxCast estrogen agonist
assays share similarities with the rat uterine estrogen receptor binding and human
estrogen receptor transcriptional activation assays fromWh8e there are apparent
commonalities in specificity, this study provided a comparative evaluation of assay
sensitivity, which offers additional information for assay selection. These concerns are
critical for determining appropriate estrogen agonisags in context of the EDSP.

While ToxCast data for estrogen agonists provide a comprehensive evaluation for
potential endocrine disruption, these assays also entail certain shortcomings. Due to the
specificity of thesén vitro assessments, ToxCast assays are intended for scroased)
purposes and may not represent effects at highels often represented by vivotests.

In particular,in vitro assays do not include physiological parameters such as
biotransformation angdrotein binding, which are of noted concern for many endocrine
disrupting compounds. Also, ToxCast assays mayfiet a representative assessment
for all organisms, due tdifferences such as estrogen receptor specificity and
conservation across variosgecies. However, advancements in comparative physiology
and reaeacross approaches can identify target andtaayet species due to these
differences. For example, it may not be necessary to evaluate invertebrates for estrogenic
effects, as it is well kwn these organisms commonly lack the estrogen receptor (Ankley
et al., 2010). Though ToxCast data are useful for scredr@ingd assesemts, their
application also haveertain confines.

The probabilistic approach usedtims study entails additionémitations. As
common compounds were selected in the second comparison to reduce uncertainty, this

restricted sample size considerably. In addition, although'tlverile is a common
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probability selection in the literature, it is an arbitrary valuepdy used foicomparison.
In CTDs for common compounds, there are two visual groupings of compounds among
the distribution, which can be separated by compound type. Pharmaceuticals related to
steroid hormones account for the most estrogenic grouping, ptagecizers and other
compounds are less estrogenic. This bimodal response may be attributed to various
mechanisms of action, although all compounds elicit a relevant, estrogenic response, and
are known dsogen agonists. Steroid hormones and pharmaedgiti such as 179
estradiol, have an enhanced ability to bind to the estrogen receptor relative to plasticizers
ard other compounds. As such, receptor binding afficayld account for the apparent
bimodal response.

Future studies should apply PHA apptoée other toxicity endpoints and
specific classes of compounds, particularly with ToxCast tfatddition, studies could
identify physical chemical properties of the most problematic compounds using this
approach for subsequent use in development tdisiable molecular design guidelines.
These properties may also be useful for developing prioritized screening methods and

selecting compounds that might elicit toxic outcomes.
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CHAPTER FOUR

Conclusions

This study demonstrated differenceseénsitivity among numerous estrogen
agonist assays from ToxCast, indicating various abilities to detect estrogenic responses.
The probabilistic approach used in this study provided a robust model to compare assays.
When all compounds were employed in CTibg Novascreen NR bER assay was the
most sensitive, as a concentration ®f 0.53
centile. Among common compounds in ToxCast, the NCGC Tox21 ERa BLA Agonist
ratio assay was the most sensitit®.00505u g /adngside other common reporter gene
assays, which delivered greater sensitivity at the 5th centile. Among a common assay
design, those evaluating ESR2 were more sensitive to estrogenic responses, suggesting
ESR2 could be considered for future assay deslgeghis enhanced sensitivity. As each
ToxCast assagrovides relevant information for specific endpoints among the entire
estrogenic toxicity pathway, assay selection should consider sensitivity and specificity.
ToxCast estrogen agonist assays also Had arobability of detecting compounds
below an E2 thresha for the MCF7 human breast ademocarcinoma proliferation assay,
which suggests the relative sensitivity of ToxCast estrogen agonist assays is lower than

otherin vitro models.
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APPENDIX

Figure A.1. Chemical toxicity distributions with all compounds for: (A) ACEA T47D 80hr Positive; (B) Attagene ERa TRANS;

(C) Attagene ERa TRANS perc; (D) Attagene ERE CIS; (E) Attagene ERE CIS perc; (F) NCGC Tox21 ERa BLA Agonist ratio;
(G) NCGC Tox21 ERa LUC BG1 Agonist: (H) Novascreen NR bER; (I) Novascreen MR hER: (J) Novascreen NR mERa: (K)
Odyssey Thera ER ERaERa 48hr; (L) Odyssey Thera ER ERaERa 1440hr; (M) Odyssey Thera ER ERBERbD 48hr; (N) Odyssey
Thera ER ERbERDb 1440hr; (O) Odyssey Thera ER ERaERb 48hr; (P) Odyssey Thera ER ERaERb 1440hr; (Q) Odyssey Thera
ERa EREGFF 12hr; (R} Odyssey Thera ERa EREGFP 48hr; (S) Odyssey Thera ERa ERELUC AG 1440hr.
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Figure A.1. Continued.
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Figure A.1. Continued.
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Figure A.1. Continued.
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Figure A.2. Chemical toxicity distributions with common compounds for: (A) ACEA T47D &0hr Positive; (B) Attagene ERa
TRANS: (C) Attagene ERa TRANS perc; (D) Attagene ERE CIS; (E) Attagene ERE CIS perc: (F) NCGC Tox21 ERa BLA
Agonist ratio; (G) NCGC Tox21 ERa LUC BG1 Agonist; (H) Novascreen NR bER; (I} Movascreen MR hER; (J} Movascreen MR
mERa; (K) Odyssey Thera ER ERaERa 48hr; (L) Odyssey Thera ER ERaERa 1440hr; (M) Odyssey Thera ER ERbERb 48hr;
(N) Odyssey Thera ER ERbERbB 1440hr; (0) Odyssey Thera ER ERaERb 48hr; (P) Odyssey Thera ER ERaERb 1440hr; (Q)
Odyssey Thera ERa EREGFP 12hr; (R) Odyssey Thera ERa EREGFP 48hr; (S) Odyssey Thera ERa ERELUC AG 1440hr.
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Figure A.2. Continued.
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Figure A.2. Continued.
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Figure A.2. Continued.
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