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Abstract

High-throughput screening (HTS) and computational technologies have emerged as important 

tools for chemical hazard identification. The US Environmental Protection Agency (EPA) 

launched the Toxicity ForeCaster (ToxCast™) Program, which has screened thousands of 

chemicals in hundreds of mammalian-based HTS assays for biological activity. The data are being 

used to prioritize toxicity testing on those chemicals likely to lead to adverse effects. To use HTS 

assays in predicting hazard to both humans and wildlife, it is necessary to understand how broadly 

these data may be extrapolated across species. The US EPA Sequence Alignment to Predict Across 

Species Susceptibility (SeqAPASS; https://seqapass.epa.gov/seqapass/) tool was used to assess 

conservation of the 484 protein targets represented in the suite of ToxCast™ assays and other HTS 

assays. To demonstrate the utility of the SeqAPASS data for guiding extrapolation, case studies 

were developed which focused on targets of interest to the US Endocrine Disruptor Screening 

Program and the Organisation for Economic Cooperation and Development. These case studies 

provide a line of evidence for conservation of endocrine targets across vertebrate species, with few 

exceptions, and demonstrate the utility of SeqAPASS for defining the taxonomic domain of 

applicability for HTS results and identifying organisms for suitable follow-up toxicity tests.
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Introduction

The international adoption of 21st century toxicity testing practices, aimed at increasing 

efficiencies in chemical safety assessments and reducing reliance on whole animal studies 

has led to significant advancements in cell-based and computational approaches.1 High-

throughput screening (HTS) assays allow for rapid screening of hundreds to thousands of 

chemicals, using cell-free assays, primary cells, immortalized cell lines, and even small scale 

in vivo models to prioritize which chemicals are of most concern and therefore may require 

in vivo toxicity testing. For example, the United States Environmental Protection Agency 

(US EPA) Endocrine Disruptor Screening Program (EDSP) and more broadly, the 

Organization of Economic Cooperation and Development (OECD; http://oe.cd/endocrine-

disrupters) have both recently described frameworks to screen for endocrine active 

chemicals using computational models informed by HTS data for prioritization of thousands 

of chemicals for follow-up testing.2,3,4,5 When used for prioritization, HTS assays can 

significantly reduce the number of animals used for testing and reduce the costs associated 
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with whole organism tests. Further, with advances in technology, many of these assays can 

be conducted using robotics and multi-well plates, of 96-wells or greater, which increase 

efficiencies in the chemical testing pipeline.

One example of such an effort includes the US EPA ToxCast™ screening and prioritization 

program, along with the collaborative multi-agency Tox21 effort, which has led the 

development and employment of rapid HTS assays for the assessment of large numbers of 

chemicals and the utilization of generated data to characterize bioactivity to focus future 

testing.6,7,8 Since initiation of the ToxCast™ program in 2007, over 4,000 chemicals have 

been screened in at least a subset of the bioassay platforms.7 The suite of ToxCast™ 

bioassays were developed to have extensive biological coverage with molecular targets 

spanning all major protein superfamily groups, including many known to be chemical 

targets.6

Species coverage

Traditionally, HTS assays were developed for screening chemicals for adverse impacts to 

human health and therefore primarily utilize mammalian-based cell lines, primary cells, and 

gene sequences.6 The available HTS assays with mammalian models were incorporated in 

the suite of ToxCast™ assays including human (Homo sapiens), cattle (Bos taurus), 

chimpanzee (Pan troglodytes), domestic guinea pig (Cavia porcellus), rabbit (Oryctolagus 
cuniculus), rat (Rattus norvegicus), house mouse (Mus musculus), pig (Sus scrofa), and 

sheep (Ovis aries). More recently, HTS assays have been developed and some incorporated 

into ToxCast™ to evaluate chemical effects on alternative vertebrate species using an 

African clawed frog (Xenopus laevis)-based thyroid pathway screening assay and a 

zebrafish (Danio rerio) development assay.9,10 With the original intention of ToxCast™/

Tox21 assays to identify and prioritize chemicals that have the greatest likelihood to produce 

adverse effects in humans, and the subsequent realization that such data may be useful for 

protecting wildlife, a challenge emerged to understand whether the predominantly 

mammalian-based prioritization approach reasonably reflects potential impacts on other 

species. Therefore, understanding the domain of applicability across species for the HTS 

data is important to taking full advantage of both the existing and new data not only in 

support of the EDSP and OECD efforts, but also in support of other hazard identification 

efforts for non-mammalian species.

A tool that can aid in addressing this species-extrapolation challenge is the US EPA 

Sequence Alignment to Predict Across Species Susceptibility tool (SeqAPASS v3.0; https://

seqapass.epa.gov/seqapass/).11 The SeqAPASS tool can be used to evaluate protein sequence 

similarity to predict chemical susceptibility across species. The underlying assumption for 

such protein-based species comparisons is that the greater the similarity between a 

chemical’s protein target in a known sensitive species to a protein in other species, the 

greater likelihood that the chemical would also interact with this protein in the other species. 

This concept of linking evolutionary conservation of protein targets to cross species 

chemical sensitivity was first described in 2008.12 The publicly available SeqAPASS tool 

has since expanded upon and advanced this concept into practice allowing for the 

comparison of any species to all other species with sequence information available to 
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computationally predict chemical susceptibility. Therefore, the SeqAPASS output provides 

evidence as to whether a known protein target is present or absent in another species based 

on similarity, which is useful for laying the initial foundation for species extrapolation. 

Because the SeqAPASS tool takes advantage of the National Center for Biotechnology 

Information (NCBI) protein database, program outputs include similarity evaluations and 

conservation predictions for hundreds or even thousands of vertebrates, invertebrates, plants, 

bacteria, and viruses.

A tiered framework was proposed by Ankley et al.13 to evaluate biological pathway 

conservation across taxa as a means to understand whether current HTS approaches would 

be considered protective of non-mammalian species in the context of the EDSP. The tiered 

approach was previously applied to explore the taxonomic applicability domain of human 

estrogen receptor α (ERα)-based HTS assays.13 Since perturbation or modulation of 

estrogenic pathways are relatively well studied in a variety of species (e.g., 14,15,16), a robust 

evaluation of conservation at all tiers (i.e., computational, in vitro, and in vivo studies) of the 

taxonomic relevance framework was feasible for ERα. However, cross-species data related 

to perturbation of other molecular targets are often much more limited. Therefore, for a 

majority of chemical targets, the most practical and rapid means to evaluate the potential for 

chemical-protein target interactions across species will be through computational evaluation 

of protein sequence and structural conservation using SeqAPASS.

To initiate a SeqAPASS query in the context of HTS assays, two key pieces of information 

are necessary. Specifically, the model organism from which the cell, protein, or gene was 

derived for a given assay is needed, and the gene for the protein target measured in the assay 

must be known. Depending on the objective of the analysis and how well the protein has 

been characterized, as well as the level of detail known about the chemical-protein 

interaction, the SeqAPASS tool allows for evaluation of protein similarity at three different 

levels of sequence specificity.11 Level 1 facilitates comparative cross-species evaluation of 

the full primary amino acid sequence, Level 2 focuses the comparative analysis on the 

functional domain(s) in the protein target, and Level 3 compares individual amino acid 

residues across species.11,17 Level 3 queries are typically based on information obtained 

from the published literature regarding which specific amino acids are critical for the 

interaction of a specific chemical, or group of chemicals, with the protein of interest. Level 3 

evaluations may be applied to compare known amino acid residues that are important for the 

specific action of that chemical. 11,17 Advancing through each level of the SeqAPASS 

evaluation adds additional evidence for protein similarity, with Level 3 providing the highest 

degree of taxonomic resolution for predictions of protein conservation and chemical 

susceptibility. However, in conducting the SeqAPASS evaluation to determine whether the 

assay target is conserved in other species, Level 1 and 2 data are generally sufficient to 

provide an initial line of evidence that can inform further toxicity testing (e.g., selection of 

relevant species to test) and extrapolation of screening data when considering all chemicals 

screened (as opposed to an individual chemical).

As a starting point in determining the taxonomic domain of applicability for mammalian-

based HTS screening data, SeqAPASS evaluations comparing primary amino acid sequences 

(Level 1) and functional domains (Level 2) were performed for all molecular targets 
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associated with the ToxCast™ assays and made publicly available. Since it was not 

reasonable to discuss all SeqAPASS results for these targets, data for two ToxCast™ assay 

groups are summarized. In addition, case studies were developed for hypothalamic-pituitary-

gonadal/-thyroidmolecular targets relevant to the EDSP and OECD. These case studies 

examined conservation of the androgen receptor (AR), enzymes involved in the sex steroid 

synthesis (i.e., steroidogenesis), and proteins found in the thyroid axis. These case studies 

are used as examples to demonstrate the practical application of this approach to a current 

regulatory challenge.

Material and Methods

Identifying Protein Targets from ToxCast™/Tox21 HTS Assays

ToxCast™ data were downloaded from https://www.epa.gov/chemical-research/toxicity-

forecaster-toxcasttm-data, and filtered to identify all unique protein identifications (i.e., 
protein accessions) associated with HTS assay endpoints (Supplemental Data, Materials and 

Methods). This protein information, which included the protein accession and model species 

represented in the ToxCast™ assay, was used as a query protein sequence in the SeqAPASS 

analysis (Supplemental Data, Workbook S1).

Additional assay targets were identified as new HTS assays have been, and are being, 

developed to support the EDSP and OECD to more thoroughly screen for chemicals that 

may disrupt the thyroid axis and steroidogenesis. Since the summary data that was made 

public in October 2015, six thyroid related HTS assays and the high-throughput H295R 

assay (HT-H295R; a steroidogenesis assay) were developed to support EDSP and OECD 

efforts. The data for the HT-H295R assay and the thyroid peroxidase (TPO) assay are 

available through the ToxCast™ dashboards and available for public download. Chemical 

screening results from the other thyroid-related HTS assays can be obtained from the 

published literature, but has yet to be incorporated in the ToxCast™ dashboard.18,19,9,20,21

SeqAPASS Level 1: Primary Amino Acid Sequence Comparisons of HTS Targets

A total of 484 unique assay targets available in the ToxCast™ suite were evaluated using 

SeqAPASS v3.0, Data Version 3 (Supplemental Data, Table S1). The output from 

SeqAPASS provides a prediction of relative intrinsic susceptibility across species based on 

similarity of the hit proteins to the query protein (Supplemental Data, Table S2). In the 

context of evaluating HTS assays, a susceptibility prediction of “yes” in the SeqAPASS 

output indicates the protein target is conserved in that species whose sequence aligned with 

the query species (Supplemental Data, Materials and Methods).

SeqAPASS Level 2: Functional Domain Comparisons of HTS Targets

For each protein accession submitted in SeqAPASS Level 1, functional domains (e.g., ligand 

binding domains, DNA binding domains, zinc finger domains) categorized as “specific hits” 

in the NCBI Conserved Domain Database (CDD; https://www.ncbi.nlm.nih.gov/cdd/) were 

identified (0 to 17 domains) and submitted as SeqAPASS Level 2 queries (Supplemental 

Data, Materials and Methods).11,22, 23 Overall, functional domains were evaluated for 452 of 

the 484 proteins.
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Processing SeqAPASS Data to Evaluate the Taxonomic Domain of Applicability for HTS 
Data

All generated SeqAPASS Level 1 and Level 2 data were saved in a .zip file using the Save 

Reports function described in the SeqAPASSv3.0 user guide.22 Briefly, this save function 

allows the user to download and save multiple reports at one time (Supplemental Data, 

Materials and Methods). All Level 1 and Level 2 data from the current evaluation can be 

accessed via SeqAPASS and through the US EPA CompTox Chemistry Dashboard (https://

comptox.epa.gov/dashboard/) (Supplemental Data, Tables S3–S4; Supplemental Data, Zip 

file S1). The CompTox Chemistry Dashboard is a resource that provides access to chemical 

information, including HTS bioassay data.24 Therefore, links from the dashboard to the 

SeqAPASS tool, and specifically to SeqAPASS data for HTS assay targets, are available as a 

means to efficiently access chemical and effects data. As new “Data Versions” are released 

in the SeqAPASS tool (See SeqAPASS About page), the SeqAPASS data on the CompTox 

Chemistry Dashboard will be updated for all bioassay targets, allowing access to the most 

current protein data for cross-species extrapolation.

To broadly describe the results of the SeqAPASS data, Level 1 and 2 data outputs with 

default settings (i.e., primary reports; E-value <0.01; common domains ≥1; default 1st local 

minimum was used to set the susceptibility cut-off)25,11 were collected as a multi-dataset 

download (SeqAPASS User Guide22) for each protein target. Protein targets were then 

grouped according to their intended target family (Supplemental Data, Materials and 

Methods). The target families included: 1) cell adhesion molecules; 2) cytochrome P450 
enzymes (i.e., cyp); 3) cytokine; 4) DNA binding; 5) esterase 6) G-protein-coupled receptors 
(i.e., gpcr); 7) growth factor; 8) hydrolase; 9) ion channel; 10) kinase; 11) lyase; 12) 

methyltransferase; 13) nuclear receptor; 14) oxidoreductase; 15) phosphatase; 16) protease; 

17) protease inhibitor; and 18) transporter. Of the 484 proteins corresponding to ToxCast™ 

assays and evaluated in SeqAPASS, 346 were placed into these groups (Supplemental Data, 

Table S1). The remaining proteins were not placed in a group and were categorized as 

miscellaneous proteins. Conservation was broadly described within a defined assay group 

(except for miscellaneous proteins), deeming protein groups either broadly conserved (e.g., 
vertebrates and invertebrates, plants) or narrowly conserved (e.g., vertebrates only) 

(Supplemental Data, Zip File S1). Synthesis of the SeqAPASS Level 1 results for two of the 

ToxCast™ assay groups (G protein coupled receptor and growth factor) are described below 

to illustrate the information available for all assay groups. Level 2 SeqAPASS data are 

described for an individual protein, human transforming growth factor beta 1 (found in assay 

group growth factor), although Level 2 data were produced for all proteins evaluated 

(Supplemental Data, Zip File S1).

Case Studies Focused on Endocrine Targets

Androgen Receptor—Eleven ToxCast™ assays have been developed to detect chemicals 

that perturb the AR, most of which utilize the human AR gene or protein. However, AR 

genes from the chimpanzee and Norway rat are also represented in the suite of assays (Table 

1). Therefore, to evaluate conservation of the AR across species, proteins for all three 

species were queried using SeqAPASS. Level 1 analysis comparing primary amino acid 
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sequences and Level 2 analyses focused on the ligand binding domain were performed 

(Table 1; Supplemental Data, Figure S1a–d).

Steroidogenesis—The SeqAPASS tool was used to evaluate cross-species conservation 

of steroidogenic enzymes by comparing primary amino acid sequences representing several 

steroidogenic genes: human cholesterol side-chain cleavage enzyme (CYP11A1), steroid 17-

alpha-hydroxylase/17,20 lyase (CYP17A1), 3β-hydroxysteroid dehydrogenase (HSD3B2), 

aromatase (CYP19A1), 17β-hydroxysteroid dehydrogenase type 1 (17βHSD1), 17β-

hydroxysteroid dehydrogenase type 3 (17βHSD3), 21-hydroxylase (CYP21A2), and steroid 

11-beta-hydroxylase (CYP11B1) to similar proteins in other species (Table 1). Only Level 1 

SeqAPASS evaluations were carried out for the CYPs, as the domain identified as a specific 

hit in the NCBI conserved domain database (pfam00067) was shown to encompass almost 

the entire protein sequence for each of the CYPs. Therefore, Level 2 evaluations of 

functional domain(s) were not used to describe the data for steroidogenic CYPs as they did 

not add greater taxonomic resolution to the SeqAPASS prediction of conservation.

Thyroid axis—The ToxCast™/Tox21 suite contains seven assays relevant to the thyroid 

axis, three of which were developed to detect chemicals that act on human thyroid hormone 

receptor alpha (THRα), one for human thyroid hormone receptor beta (THRβ), one each for 

Norway rat and pig thyroid peroxidase (TPO) and one for the human sodium/iodide 

cotransporter (NIS).21,19,18 In addition to the assays already incorporated into ToxCast™, 

SeqAPASS analyses were also performed for additional thyroid axis targets for which HTS 

assays are being developed (i.e., human type I (DIO1), II (DIO2), and III (DIO3) 

deiodinases, thyroid stimulating hormone receptor (TSHR), and iodotyrosine deiodinase 

(IYD);9 Personal communication S. Degitz, April 2018). Each target was evaluated with 

SeqAPASS using default settings (Table 1). Relevant domains were either not identified or 

encompassed nearly the full length of the full protein sequence for DIO1, DIO2, and DIO3 

in NCBI. Because the primary reports for SeqAPASS Level 1 identify hits with at least one 

common domain to the query protein, very few protein hits were found for DIO1, DIO2, and 

DIO3. Therefore, for these proteins the full reports (as opposed to the default primary 

reports) were used to describe the SeqAPASS data (see SeqAPASS user guide for detailed 

description of full report22).

Results and Discussion

SeqAPASS results can be used as an initial line of evidence for defining the taxonomic 

domain of applicability for HTS assays, with the recognition that the tool specifically 

identifies a protein conservation across species. Such evidence of protein conservation 

indicates that chemicals identified as modulators of a particular protein (or gene) in an assay 

developed with a specific model organism are likely to act as such in other organisms that 

have the same protein. This information can be useful for both extrapolation of HTS results 

to other taxa or in identifying organism for which assay development might be warranted 

due to unique biology not covered by current HTS assays. The level of detail used in the 

SeqAPASS evaluation is dependent on the purpose. The intent of the present study was to 

provide an initial understanding of how broadly the HTS data may be reasonably 

extrapolated across species. All 484 proteins corresponding to ToxCast™ assay gene targets 

LaLone et al. Page 7

Environ Sci Technol. Author manuscript; available in PMC 2021 July 16.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



were evaluated. Consequently, it is not feasible to discuss the results for every target in 

detail. Instead, two protein groups were selected for discussion, G protein coupled receptor 
and growth factor. Description of these data are intended to provide an illustration of the 

available data and methods for application.

SeqAPASS to Evaluate Select ToxCast™ Assay Groups

G protein-coupled receptors are transmembrane cell surface receptors that bind extracellular 

substances and generate intracellular signals.26 There are 79 GPCR-related HTS assays for 

these receptors in the ToxCast™ suite, representing 71 unique mammalian protein targets 

(Supplemental Data, Table S1). The SeqAPASS evaluations of several of these (e.g., human 

Beta-2 adrenergic receptor, Norway rat neurotensin receptor type 1A, human D(1A) 

dopamine receptor, cattle adenosine receptor), provided evidence of conservation across 

both vertebrates and invertebrates. At least 62 of the 71 GPCRs were conserved among 

vertebrates including Mammalia, Testudines, Aves, Crocodylia, Lepidosauria, Amphibia, 

Actinopteri, Coelacanthiformes, and Chondrichthyes. Between 28 and 41 gpcr were 

conserved across invertebrate taxon such as Insecta, Merostomata (horseshoe crab, sea 

scorpions), Arachnida, Branchiopoda (water fleas), Bivalvia, Malacostraca, and Gastropoda. 

Flowering plants were rather limited in their similarity to the mammalian GPCRs with only 

the Liliopsida taxonomic group shown to have a glutamate receptor aligning with the 

Norway rat gamma-aminobutyric acid (GABA) B receptor 1.

There is only one growth factor protein represented in ToxCast™, human transforming 

growth factor beta 1 (TGF-β), which is involved in intercellular signaling during 

development.27 Based on Level 1 SeqAPASS analysis, this protein was only found in 

vertebrates and Trematoda (i.e., parasitic flatworms). Two domains for human TGF-β were 

identified as specific hits in the NCBI conserved domain database and evaluated using 

SeqAPASS Level 2. The first domain is from the protein family TGF-β propeptide, while the 

second is a disulphide-linked homo- or heterodimer. Both domains are conserved across 

vertebrates and Trematoda, providing additional evidence of conservation.

Based on SeqAPASS evaluation of proteins in all other assay groups, conservation was 

broadly identified across vertebrates, invertebrates, and even plants. As such, the initial 

SeqAPASS data (using default settings) provides a line of evidence that screening results 

generated from mammalian-based ToxCast™ assays are more broadly applicable beyond the 

model organism used in the assay itself. These data are now available through both 

SeqAPASS and the CompTox Chemistry Dashboard (Supplemental Data, Figures S1 and 

S2). Below we present three illustrative case examples of how SeqAPASS data can inform 

the EDSP and OECD for understanding the taxonomic domain of applicability for available 

and developing HTS assays.

Protecting Human Health and Wildlife from Endocrine Disruption

The EDSP and OECD are exploring the utility of HTS data for screening to identify 

endocrine active chemicals for additional, higher-tier, toxicity testing.3,28 Assays included in 

the ToxCast™ HTS screening battery suitable for this purpose capture aspects of estrogen, 

androgen, or thyroid hormone signaling pathways, as well as steroidogenesis. Empirical 
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studies that evaluate conservation of key protein components of these pathways across 

taxonomic groups are relatively limited, so a simple pragmatic approach is needed to 

provide an initial understanding of the taxonomic domain of applicability for the HTS 

results. We previously described use of SeqAPASS to evaluate cross-species conservation of 

one key endocrine target, the estrogen receptor.13 Herein, three additional SeqAPASS case 

studies have been developed, focusing on the AR, thyroid axis, and steroidogenic enzymes. 

In addition to defining the taxonomic domain of applicability of the HTS data, the results of 

these SeqAPASS analyses could be used to focus higher-tiered toxicity testing on those 

species that are most likely susceptible to chemicals that can act on relevant protein targets 

in these endocrine pathways. Additionally, the results from SeqAPASS may inform the 

development of additional HTS assays to capture unique biology of a particular taxonomic 

group.

The Taxonomic Domain of Applicability for AR HTS Assays

Eleven HTS assays using human, chimpanzee, and Norway rat ARs are included in the 

ToxCast™ suite to screen for endocrine disrupting chemicals (Table 1).29 Because human, 

chimpanzee, and Norway rat SeqAPASS evaluations yielded the same susceptibility 

predictions across species, in the following analysis we focus on the human AR as a 

comparative probe sequence. However, these data are representative of the other species 

(both chimpanzee and rat SeqAPASS data are provided in Supplemental Data, Figure S1a–

d). The primary amino acid sequence comparison shows that the human AR and specifically 

the ligand binding domain is conserved in vertebrate taxa including Mammalia, Testudines, 

Lepidosauria, Crocodylia, Amphibia, Aves, Coelacanthiformes, Actinopteri, 

Chondrichthyes, Ceratodontimorpha (lungfish), Cladistia (eel shaped bony fish), 

Myxiniformes (hagfish) and Petromyzontiformes (lamprey) (Figure 1a and b; Supplemental 

Data, Workbook S2). However, upon further evaluation of the SeqAPASS data, it was noted 

that the proteins aligning with the human AR ligand binding domain from Myxiniformes 

and Petromyzontiformes were annotated as nuclear receptors, but not specifically AR (e.g., 
steroid receptor 2, ER1 or partial sequences for the corticoid receptor, retinoic acid receptor 

2 and retinoic acid receptor 4). These results are consistent with previously published 

evolutionary evidence from genome mapping and phylogenetic analyses demonstrating that 

orthologs of AR are present in tetrapods, teleosts, and sharks; whereas, AR is not present in 

lamprey.30,31,32,33 Overall, these data provide a line of evidence that ToxCast™ assay results 

with human, chimpanzee, or Norway rat ARs are likely applicable to a majority of vertebrate 

species due to the presence of a similar molecular (i.e., protein) target.

The Taxonomic Domain of Applicability for HTS Assays Evaluating Steroidogenesis

Several enzymes are involved in converting cholesterol to steroid hormones, including 

corticosteroids and sex steroids. Sex hormones serve key functions in immunosuppression, 

blood pressure, sexual differentiation, reproduction, and fertility. Steroidogenic enzymes 

feature many structurally-related CYPs. However, the coverage of all steroidogenic enzymes 

in the suite of ToxCast™ assays is minimal, with only human CYP19A1 (i.e., aromatase) 

represented as a discrete target in the HTS assays. To address this gap, the EDSP is 

evaluating the utility of a HTS assay that quantitatively measures steroid hormone 

production in the human adrenocortical H295R cell line.34 This assay measures 11-
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deoxycortisol, deoxycorticosterone, cortisol, corticosterone, 17α-hydroxyprogesterone, 

17α-hydroxypregnenolone, progesterone, pregnenolone, dehydroepiandrosterone (DHEA), 

androstenedione, testosterone, estrone, and estradiol in control and chemically-treated cells 

(Supplemental Data, Figure S2). Therefore, data from the HT-H295R assay provides profiles 

of steroid synthesis that can serve as indirect measures of chemical perturbation of enzyme 

activity/function.

As an initial step in determining the taxonomic domain of applicability of the HT-H295R 

assay results, it is important to understand whether other species also have similar 

steroidogenic enzymes to humans. To this end, several key enzymes were queried using the 

SeqAPASS tool (Table 1; Supplemental Data, Workbook S2). The human CYP11B1 primary 

amino acid sequence was conserved across vertebrate taxa, with the exception of 

Chondrichthyes, Aves, and Petromyzontiformes (Table 2; Supplemental Data, Figure S3a). 

From these results, it could be hypothesized that the biosynthesis of corticosterone may be 

different for sharks, skates, rays, birds, and lamprey than other vertebrates. Consistent with 

SeqAPASS results, CYP11B has not been identified in any species of Chondrichthyes.35 In 

fact, Chondrichthyes have been shown to convert 11-deoxycorticosterone to a unique 

steroid, 1α-hydroxycorticosterone, which has been reported to function as a corticosteroid.36 

The enzyme responsible for the formation of 1α-hydroxycorticosterone in Chondrichthyes 

has yet to be identified.35 Also consistent with SeqAPASS results, CYP11B gene was 

reported to be found only in the kiwi but not in other birds.37 The Brown kiwi (Apteryx 
spp.) was present in the SeqAPASS data, having a predicted protein sequence for CYP27C 

isoform X1 aligning with the human CYP11B1 with 19.7 percent similarity. It has been 

reported that lamprey species do not have a CYP11B ortholog, which is consistent with their 

lack of serum cortisol and corticosterone.38,39

Steroid 21-hydroxylase catalyzes the conversion of progesterone to 11-deoxycorticosterone 

and 17α-OH-progesterone to 11-deoxycortisol. Comparative evaluation of human CYP21A2 

with SeqAPASS provided evidence that the enzyme was conserved in a majority of 

vertebrate taxa evaluated with the exception of Crocodylia and Testudines (Table 2; 

Supplemental Data, Figure S3b). In these taxa a putative “PREDICTED: steroid 17-alpha-

hydroxylase/17,20 lyase” aligned most closely with the human enzyme.

There is a group of fourteen human enzymes known as 17β-hydroxysteroid dehydrogenases 

which perform various reactions within the steroidogenesis pathway. However, due to the 

well-established roles of 17βHSD1 in the interconversion of estrone and estradiol and 

17βHSD3 in the reduction of DHEA, 5α-androstanedione, and androsterone to precursors of 

testosterone and dihydrotestosterone, these two enzymes were the focus of the SeqAPASS 

evaluation (Table 1).40 For 17βHSD1, conservation was limited to vertebrates with the 

exception of Lepidosauria and Chondrichthyes (both had retinol dehydrogenase 8-like align 

with human 17βHSD1) (Table 2; Supplemental Data, Figure S3c). Results of a Baker et al.38 

study of the evolution of enzymes involved in adrenal and sex steroid biosynthesis support 

SeqAPASS results, and found that Chondrichthyes do not contain an ortholog to 

human17βHSD1.
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SeqAPASS analysis of human CYP11A1, CYP19A, and 17βHSD3 provided evidence for 

conservation of these enzymes across all vertebrates, but not invertebrates (Table 2; 

Supplemental Data, Figure S3d–f). However, human CYP17A1, the enzyme responsible for 

converting pregnenolone and progesterone to 17-alpha-hydroxylated products and further to 

dehydroepiandrosterone and androstenedione was broadly conserved across both vertebrate 

and invertebrate taxa (Table 2; Supplemental Data, Figure S3g). The same was true for 

HSD3B, the enzyme that catalyzes the conversion of pregnenolone to progesterone, 17α-

hydroxypregnenolone to 17α-hydroxyprogesterone, and DHEA to androstenedione (Table 2; 

Supplemental Data, Figure S3h).

Overall, the SeqAPASS analyses of enzymes involved in steroidogenesis suggest that results 

from the human cell-based HT-H295R assay may be broadly extrapolated to other 

vertebrates, but not invertebrates (Supplemental Data, Workbook S2). However, caution 

should be applied in extrapolating screening results involving glucocorticoid synthesis to 

Chondrichthyes, Aves, and Petromyzontiformes, as enzymes involved in biosynthesis may 

differ from humans in these taxa. Additionally, the apparent lack of 17βHSD1 in 

Lepidosauria and Chondrichthyes indicate that estrone and 17β-estradiol profiles measured 

by the HT-H295R assay may not be reflective of potential impacts to species in these groups.

The Taxonomic Domain of Applicability for HTS Assays Evaluating Thyroid Axis Disruption

The thyroid axis is essential in vertebrate development, growth, and neurogenesis.41 There 

are several proteins that are critical to the normal function of the human thyroid axis 

(Supplemental Data, Figure S4). Accordingly, several HTS assays are under development or 

already being used in the EDSP to screen for chemicals that act on key proteins in the 

thyroid axis that could, if disrupted by a chemical stressor, lead to adverse health effects.

The current ToxCast™ suite includes assays for three thyroid axis targets: THRα, THRβ, 

and TPO. The THRα and THRβ bind triiodotyrosine (T3) and regulate subsequent thyroid 

hormone responsive gene transcription.42 Thyroid peroxidase is an enzyme present at the 

apical cell surface of thyrocytes that oxidizes iodide for incorporation into thyroglobulin and 

production of thyroid hormones, thyroxine (T4) and T3.43 In addition to these relatively 

well-established potential thyroid targets, there are other proteins in the axis that could be 

subject to chemical perturbation and hence, would be desirable to capture with HTS assays. 

For example, a 96-well plate, stable human cell-based (sodium/iodide symporter-expressing 

HEK293T cell line), radioactive iodide uptake (RAIU) assay was recently developed to 

screen for inhibitors of sodium/iodide symporter (NIS)-mediated iodide uptake.18 The NIS 

utilizes a Na+ gradient to allow for iodide uptake into the thyroid cell and is the first rate-

limiting step for synthesis of T3 and T4 (Supplemental Data, Figure S4).18

Additional HTS assays are being developed to screen for chemicals that disrupt human 

DIO1, DIO2, and DIO3, TSHR, and IYD.20,9 To provide insights as to how broadly results 

from currently available and developing HTS assays may reasonably be extrapolated across 

species, SeqAPASS was used to evaluate sequence similarity of all assay targets used or 

being developed to screen the thyroid axis (Table 1; Supplemental Data, Workbook S2).
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Levels 1 and 2 evaluations of human THRα and THRβ and their respective ligand binding 

domains, showed that these receptors are well conserved across vertebrates, with the 

exception of Ceratodontimorpha (lungfish). Conservation of THRβ, but not THRα is also 

found for several invertebrate taxa, including Polychaeta (sandworms), Gastropoda, 

Lingulata (lampshells), Bivalvia, Enteropneusta (Acorn worms), Asteroidea (starfish), 

Branchiostomidae (lancelet) and Ascidiacea (sea squirts, tunicate) (Table 3; Supplemental 

Data, Figure S5a–d). These SeqAPASS results are concordant with results presented by 

Holzer et al.44 describing the evolution of thyroid hormone signaling across species.

Norway rat and pig TPO sequences and their peroxidase functional domains, which contain 

the heme binding site and putative substrate binding site, were conserved across vertebrates, 

as well as Ascidiacea (sea squirts, tunicate) taxa (Table 3; Supplemental Data, Figure S5e–

h). Conversely, probable orthologs of human NIS were restricted to vertebrates only (Table 

3; Supplemental Data, Figure S5i).

The deiodinase enzymes activate and deactivate thyroid hormones. The SeqAPASS results 

for DIO1, DIO2, and DIO3 demonstrate conservation of these enzymes across vertebrate 

species, including Ceratodontimorpha and Coelacanthiformes, and Petromyzontiformes 

(Table 3; Supplemental Data, Figure S5j–l). DIO1and DIO3 are also found in invertebrate 

species, whereas DIO2 iodothyronine deiodinase is not. DIO3 has the broadest conservation 

across invertebrates and is even found in Dictyosteliida (slime molds) taxa.

Through binding of thyroid stimulating hormone, the TSHR signaling modulates thyroid 

function by regulating genes coding for enzymes involved in iodide metabolism, such as 

TPO and NIS. The human TSHR is well conserved across vertebrates with the exception of 

Ceratodontimorpha, Myxiniformes and Petromyzontiformes (Table 3; Supplemental Data, 

Figure S5m). Further, SeqAPASS results yielded the same conclusion upon evaluation of the 

TSHR functional domain containing the putative peptide ligand binding pocket (Table 3; 

Supplemental Data, Figure S5n).

The final protein evaluated using SeqAPASS was the human IYD, involved in the recycling 

of iodide. This protein had ortholog candidates across vertebrates and invertebrates, 

displaying conservation in all but one taxon, Trichomonadida (anaerobic protists), based on 

the primary amino acid sequence that aligned with human (Table 3; Supplemental Data, 

Figure S5o). However, upon evaluation of the functional domain (positions 93–285) which 

contains the putative dimer interface, additional taxa were identified that were not conserved 

compared to the human iodotyrosine deiodinase (Supplemental Data, Figure S5p).

Overall, the protein targets associated with ToxCast™ assays intended to screen for thyroid 

axis disruption were conserved across all vertebrate species, in some cases identifying 

conservation in more ancient fish species such as hagfish, Coelacanth, lamprey, and lungfish 

(Supplemental Data, Workbook S2). Therefore, it would be anticipated that screening results 

identifying chemical disruption via HTS assays for the human thyroid axis targets could be 

reasonably extrapolated across vertebrate species. Additionally, THRβ, TPO, IYD, DIO1, 

and DIO3 are present in certain invertebrates, suggesting perhaps applicability of these 
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assays to an even broader array of taxa. However, additional research is needed to 

understand the actual role of these proteins in invertebrate species.

The overall objectives of this work were to evaluate mammalian-based HTS assay targets for 

protein similarity using the SeqAPASS tool, make the resultant data available for other 

researchers and regulators (via SeqAPASS and the CompTox Chemistry Dashboard), and 

demonstrate the utility of the analysis as applied to a current regulatory challenge, screening 

of endocrine-active chemicals. This study illustrates that HTS targets relevant to EDSP and 

OECD are likely to be broadly applicable across most vertebrate taxa and some targets may 

be applicable to certain invertebrates. Ultimately, application of the SeqAPASS tool can lay 

the foundation for future work integrating in vitro and in silico approaches to support more 

rapid evaluations of chemical safety for the protection of human health and wildlife.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Boxplots depicting SeqAPASS (v3.0) data illustrating the percent similarity across species 

compared to human (Homo sapiens) androgen receptor (AR), examining the primary amino 

acid sequences (a) and the ligand binding domain (b). In each plot, the o represents the 

human AR and • represents the species with the highest percent similarity within the 

specified taxonomic group. The top and bottom of each box represent the 75th and 25th 

percentiles, respectively. The top and bottom whiskers extend up to 1.5 times the 

interquartile range. The mean and median values for each taxonomic group are represented 

by horizontal thick and thin black lines on the box, respectively. The dashed line indicates 

the cut-off for predictions of intrinsic susceptibility. Species from taxonomic groups that 

cross the susceptibility cut-off or those found above the cut-off are predicted as likely to be 

susceptible to chemicals that act on the query species protein target. The protein target is 

therefore conserved in species predicted to be susceptible.
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Table 2.

SeqAPASS Level 1 predictions of conservation of mammalian steroidogenic targets across taxa

Query Protein CYP11A1 CYP17A1 HSD3B2 CYP19A1 17βHSD1 17βHSD3 CYP21A2 CYP11B1

b
SeqAPASS Cut-

off
32.92 30.95 16.16 46.79 38.91 38.40 33.59 37.60

Vertebrates

Mammalia
Yes

(115 of 
127)

Yes
(113 of 

153)

Yes
(117 of 

118)

Yes
(111 of 

121)

Yes
(110 of 

116)

Yes
(112 of 

113)

Yes
(96 of 
142)

Yes
(108 of 

127)

Actinopteri Yes
(58 of 74)

Yes
(63 of 
118)

Yes
(59 of 

59)

Yes
(137 of 

147)

Yes
(19 of 49)

Yes
(42 of 49)

Yes
(20 of 
118)

Yes
(38 of 76)

Amphibia Yes
(8 of 8)

Yes
(5 of 6)

Yes
(4 of 4)

Yes
(8 of 10)

Yes
(3 of 3)

Yes
(3 of 4)

Yes
(3 of 6)

Yes
(6 of 8)

Aves Yes
(45 of 65)

Yes
(61 of 71)

Yes
(73 of 

73)

Yes
(65 of 67)

Yes
(16 of 66)

Yes
(45 of 66)

Yes
(4 of 71)

No
(0 of 70)

Chondrichthyes Yes
(4 of 5)

Yes
(3 of 4)

Yes
(4 of 4)

Yes
(4 of 5)

No
(0 of 2)

Yes
(2 of 2)

Yes
(1 of 4)

No
(0 of 5)

Coelacanthiformes Yes
(1 of 1)

Yes
(1 of 1)

Yes
(1 of 1) - Yes

(1 of 1)
Yes

(1 of 1)
Yes

(1 of 1)
Yes

(1 of 1)

Crocodylia Yes
(2 of 4)

Yes
(4 of 4)

Yes
(4 of 4)

Yes
(4 of 4)

Yes
(3 of 3)

Yes
(4 of 4)

No
(0 of 4)

Yes
(1 of 3)

Lepidosauria Yes
(4 of 8)

Yes
(7 of 8)

Yes
(7 of 7)

Yes
(6 of 6)

No
(0 of 7)

Yes
(7 of 7)

Yes
(4 of 8)

Yes
(5 of 8)

Myxiniformes Yes
(1 of 1) - - - - - - No

(0 of 1)

Testudines Yes
(3 of 3)

Yes
(4 of 6)

Yes
(3 of 3)

Yes
(7 of 7)

Yes
(2 of 3)

Yes
(3 of 3)

No
(0 of 6)

Yes
(1 of 4)

a
Invertebrates

Anthozoa No
(0 of 5)

Yes
(3 of 5)

Yes
(3 of 4)

No
(0 of 5)

No
(0 of 5)

No
(0 of 5)

No
(0 of 5)

No
(0 of 5)

Arachnidia No
(0 of 15)

No
(0 of 11)

Yes
(8 of 9)

No
(0 of 15)

No
(0 of 2)

No
(0 of 14)

No
(0 of 10)

No
(0 of 15)

Bivalvia No
(0 of 8)

No
(0 of 7)

Yes
(4 of 4)

No
(0 of 10)

No
(0 of 1)

No
(0 of 4)

No
(0 of 7)

No
(0 of 5)

Branchiopoda No
(0 of 2)

No
(0 of 2)

Yes
(1 of 2)

No
(0 of 2) - No

(0 of 2)
No

(0 of 2)
No

(0 of 2)

Branchiostomidae No
(0 of 2)

Yes
(2 of 2)

Yes
(2 of 2)

No
(0 of 2) - No

(0 of 2)
No

(0 of 2)
No

(0 of 2)

Gastropoda No
(0 of 5)

No
(0 of 3)

Yes
(2 of 3)

No
(0 of 6)

No
(0 of 1)

No
(0 of 5)

No
(0 of 3)

No
(0 of 8)

Insecta No
(0 of 176)

No
(0 of 137)

Yes
(8 of 56)

No
(0 of 172)

No
(0 of 4)

No
(0 of 117)

No
(0 of 135)

No
(0 of 189)

a
Invertebrate taxon represent a subset of those found to be conserved for CYP17A1 and HSD3B2. Those invertebrate taxa shown represent 

common taxonomic groups (Full taxon list in Supplemental Data, Workbook S2). Invertebrates were shown to be conserve for only CYP17A1 and 
HSD3B2.

b
The SeqAPASS cut-offs define those species with conserved proteins found above the cut-off and those species less likely to be conserved below 

the cutoff (Details in Supplemental Data, Table S3)

Table cells indicate whether the protein is conserved compared to the human query protein, “Yes,” or less likely to be conserved, “No.” In 
parentheses are the number of species found above the SeqAPASS cut-off of the total number of species aligning with the mammalian target for 
that taxonomic group. Dashed line indicates that no protein sequences aligned with the query sequence for that taxonomic group.
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Abbreviations and query protein accessions: CYP11A1= human cholesterol side-chain cleavage enzyme (P05108.2); CYP17A1 = human steroid 
17-alpha-hydroxylase/17,20 lyase (P05093.1); HSD3B2 = human 3 beta-hydroxysteroid dehydrogenase/Delta 5-->4-isomerase type 2 (P26439.2); 
CYP19A1 = aromatase (P11511.3); 17βHSD1 = human estradiol 17-beta-dehydrogenase 1 (P14061.3); 17βHSD3 = human testosterone 17-beta-
dehydrogenase 3 (P37058.2); CYP21A2 = human steroid 21-hydroxylase (AFK10138.1); CYP11B1 = human 11-beta-hydroxylase (AAA35741.1).

Environ Sci Technol. Author manuscript; available in PMC 2021 July 16.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

LaLone et al. Page 23

Ta
b

le
 3

.

Se
qA

PA
SS

 le
ve

l 1
 a

nd
 2

 p
re

di
ct

io
ns

 o
f 

co
ns

er
va

tio
n 

of
 m

am
m

al
ia

n 
th

yr
oi

d 
ta

rg
et

s 
ac

ro
ss

 ta
xa

Q
ue

ry
 P

ro
te

in
T

H
R
α

T
H

R
β

T
P

O
N

IS
D

IO
1

D
IO

2
D

IO
3

T
SH

R
IY

D

Se
qA

PA
SS

 L
ev

el
1

2
1

2
1

2
1

1
1

1
1

2
1

2

b Se
qA

PA
SS

 C
ut

of
f

34
.5

3
70

.0
3

33
.1

5
28

.0
4

38
.7

5
54

.6
5

44
.5

4
25

.8
3

40
.0

0
16

.7
7

48
.4

2
82

.5
7

24
.5

3
33

.6
2

V
er

te
br

at
es

M
am

m
al

ia
Y

es
(1

13
 o

f 
12

1)

Y
es

(1
15

 o
f 

16
2)

Y
es

(1
15

 o
f 

16
7)

Y
es

(1
13

 o
f 

15
2)

Y
es

(9
4 

of
 

11
7)

Y
es

(8
4 

of
 

14
1)

Y
es

(1
00

 o
f 

11
0)

Y
es

(1
26

 o
f 

12
7)

Y
es

(1
23

 o
f 

12
7)

Y
es

(1
27

 o
f 

12
7)

Y
es

(1
14

 o
f 

15
7)

Y
es

(1
13

 o
f 

18
1)

Y
es

(1
06

 o
f 

10
6)

Y
es

(1
11

 o
f 

11
1)

A
ct

in
op

te
ri

Y
es

(6
8 

of
 

12
1)

Y
es

(7
1 

of
 

12
7)

Y
es

(7
1 

of
 

12
0)

Y
es

(7
8 

of
 

11
7)

Y
es

(1
7 

of
 

53
)

Y
es

(1
9 

of
 

63
)

Y
es

(4
8 

of
 

63
)

Y
es

(6
2 

of
 

70
)

Y
es

(5
2 

of
 

70
)

Y
es

(6
9 

of
 

70
)

Y
es

(5
2 

of
 

14
09

)

Y
es

(1
 o

f 
21

69
)

Y
es

(4
5 

of
 

45
)

Y
es

(4
5 

of
 

45
)

A
m

ph
ib

ia
Y

es
(1

2 
of

 
24

)

Y
es

(1
3 

of
 

29
)

Y
es

(1
5 

of
 

23
)

Y
es

(2
8 

of
 

28
)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

Y
es

(4
 o

f 
10

)

Y
es

(4
 o

f 
10

)

Y
es

(7
 o

f 
10

)

Y
es

(2
 o

f 
16

)

Y
es

(3
 o

f 
16

)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

A
ve

s
Y

es
(6

8 
of

 
80

)

Y
es

(6
8 

of
 

75
)

Y
es

(6
9 

of
 

80
)

Y
es

(7
5 

of
 

80
)

Y
es

(5
8 

of
 

68
)

Y
es

(5
8 

of
 

68
)

Y
es

(2
1 

of
 

67
)

Y
es

(7
0 

of
 

70
)

Y
es

(6
3 

of
 

70
)

Y
es

(7
0 

of
 

70
)

Y
es

(6
7 

of
 

10
8)

Y
es

(6
8 

of
 

13
7)

Y
es

(6
6 

of
 

13
7)

Y
es

(6
6 

of
 

68
)

C
er

at
od

on
tim

or
ph

a
N

o
(0

 o
f 2

)
N

o
(0

 o
f 2

)
N

o
(0

 o
f 2

)
N

o
(0

 o
f 2

)
-

-
-

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 4
)

-
-

C
ho

nd
ri

ch
th

ye
s

Y
es

(3
 o

f 6
)

Y
es

(3
 o

f 6
)

Y
es

(3
 o

f 7
)

Y
es

(5
 o

f 7
)

Y
es

(2
 o

f 2
)

Y
es

(2
 o

f 3
)

Y
es

(2
 o

f 4
)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

Y
es

(1
 o

f 9
)

Y
es

(1
 o

f 
11

)

Y
es

(2
 o

f 2
)

Y
es

(2
 o

f 2
)

C
oe

la
ca

nt
hi

fo
rm

es
Y

es
(1

 o
f 2

)
Y

es
(1

 o
f 2

)
Y

es
(1

 o
f 2

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)

C
ro

co
dy

lia
Y

es
(4

 o
f 6

)
Y

es
(4

 o
f 5

)
Y

es
(4

 o
f 6

)
Y

es
(4

 o
f 5

)
Y

es
(4

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(3

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(4

 o
f 4

)
Y

es
(3

 o
f 3

)
Y

es
(4

 o
f 4

)

L
ep

id
os

au
ri

a
Y

es
(8

 o
f 

15
)

Y
es

(8
 o

f 
13

)

Y
es

(8
 o

f 
15

)

Y
es

(9
 o

f 
11

)

Y
es

(6
 o

f 6
)

Y
es

(6
 o

f 7
)

Y
es

(4
 o

f 6
)

Y
es

(9
 o

f 9
)

Y
es

(7
 o

f 9
)

Y
es

(8
 o

f 9
)

Y
es

(6
 o

f 
34

1)

Y
es

(7
 o

f 
42

2)

Y
es

(6
 o

f 6
)

Y
es

(6
 o

f 6
)

M
yx

in
if

or
m

es
c Y

es
(0

 o
f 1

)

c Y
es

(0
 o

f 2
)

N
o

(0
 o

f 1
)

Y
es

(1
 o

f 2
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

-
-

-
-

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

-
-

Pe
tr

om
yz

on
tif

or
m

es
Y

es
(1

 o
f 4

)
Y

es
(1

 o
f 4

)
Y

es
(1

 o
f 4

)
Y

es
(4

 o
f 4

)
-

N
o

(0
 o

f 1
)

-
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 5

)
N

o
(0

 o
f 5

)
-

-

Te
st

ud
in

es
Y

es
(3

 o
f 9

)
Y

es
(3

 o
f 5

)
Y

es
(3

 o
f 9

)
Y

es
(3

 o
f 4

)
Y

es
(3

 o
f 3

)
Y

es
(3

 o
f 3

)
Y

es
(2

 o
f 3

)
Y

es
(3

 o
f 3

)
Y

es
(3

 o
f 3

)
Y

es
(3

 o
f 3

)
Y

es
(3

 o
f 4

)

Y
es

(3
 o

f 
26

)

Y
es

(3
 o

f 3
)

Y
es

(3
 o

f 3
)

a In
ve

rt
eb

ra
te

s
A

sc
id

ia
ce

a
N

o
(0

 o
f 5

)
N

o
(0

 o
f 5

)
Y

es
(1

 o
f 5

)
Y

es
(2

 o
f 5

)
N

o
(0

 o
f 2

)
Y

es
(1

 o
f 2

)
N

o
(0

 o
f 1

)
Y

es
(2

 o
f 2

)
N

o
(0

 o
f 2

)
Y

es
(2

 o
f 2

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
-

-

Environ Sci Technol. Author manuscript; available in PMC 2021 July 16.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

LaLone et al. Page 24

Q
ue

ry
 P

ro
te

in
T

H
R
α

T
H

R
β

T
P

O
N

IS
D

IO
1

D
IO

2
D

IO
3

T
SH

R
IY

D

Se
qA

PA
SS

 L
ev

el
1

2
1

2
1

2
1

1
1

1
1

2
1

2

b Se
qA

PA
SS

 C
ut

of
f

34
.5

3
70

.0
3

33
.1

5
28

.0
4

38
.7

5
54

.6
5

44
.5

4
25

.8
3

40
.0

0
16

.7
7

48
.4

2
82

.5
7

24
.5

3
33

.6
2

A
st

er
oi

de
a

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 2
)

N
o

(0
 o

f 3
)

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

B
iv

al
vi

a
N

o
(0

 o
f 

10
)

N
o

(0
 o

f 
10

)

Y
es

(2
 o

f 
10

)

Y
es

(3
 o

f 
10

)

N
o

(0
 o

f 6
)

N
o

(0
 o

f 8
)

N
o

(0
 o

f 4
)

Y
es

(4
 o

f 5
)

N
o

(0
 o

f 5
)

Y
es

(4
 o

f 5
)

N
o

(0
 o

f 4
)

N
o

(0
 o

f 5
)

-
-

B
ra

nc
hi

os
to

m
id

ae
N

o
(0

 o
f 4

)
N

o
(0

 o
f 4

)
Y

es
(3

 o
f 4

)
Y

es
(4

 o
f 4

)
N

o
(0

 o
f 3

)
N

o
(0

 o
f 4

)
N

o
(0

 o
f 2

)
Y

es
(2

 o
f 2

)
N

o
(0

 o
f 2

)
Y

es
(2

 o
f 2

)
N

o
(0

 o
f 4

)
N

o
(0

 o
f 4

)
Y

es
(2

 o
f 2

)
Y

es
(2

 o
f 2

)

D
ic

ty
os

te
lii

da
-

-
-

-
-

-
-

N
o

(0
 o

f 6
)

N
o

(0
 o

f 6
)

Y
es

(1
 o

f 5
)

-
-

-
-

E
nt

er
op

ne
us

ta
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
-

Y
es

(1
 o

f 1
)

G
as

tr
op

od
a

N
o

(0
 o

f 9
)

N
o

(0
 o

f 9
)

Y
es

(2
 o

f 2
)

Y
es

(8
 o

f 9
)

N
o

(0
 o

f 3
)

N
o

(0
 o

f 4
)

N
o

(0
 o

f 3
)

N
o

(0
 o

f 2
)

N
o

(0
 o

f 2
)

N
o

(0
 o

f 2
)

N
o

(0
 o

f 5
)

N
o

(0
 o

f 5
)

-
-

L
in

gu
la

ta
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 1

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 1

)
c Y

es
(0

 o
f 1

)

c Y
es

(0
 o

f 1
)

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

Po
ly

ch
ae

ta
N

o
(0

 o
f 2

)
N

o
(0

 o
f 1

)
Y

es
(1

 o
f 2

)
Y

es
(1

 o
f 1

)
N

o
(0

 o
f 5

)

N
o

(0
 o

f 
10

)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 1
)

N
o

(0
 o

f 2
)

N
o

(0
 o

f 2
)

Y
es

(1
 o

f 1
)

Y
es

(1
 o

f 1
)

a In
ve

rt
eb

ra
te

 ta
xo

n 
re

pr
es

en
t a

 s
ub

se
t o

f 
th

os
e 

fo
un

d 
to

 b
e 

co
ns

er
ve

d 
fo

r 
T

H
R
β,

 T
PO

, N
IS

, D
IO

1,
 D

IO
3 

an
d 

IY
D

. T
ho

se
 in

ve
rt

eb
ra

te
 ta

xa
 s

ho
w

n 
re

pr
es

en
t c

om
m

on
 ta

xo
no

m
ic

 g
ro

up
s 

(F
ul

l t
ax

on
 li

st
 in

 
Su

pp
le

m
en

ta
l D

at
a,

 W
or

kb
oo

k 
S2

).

b T
he

 S
eq

A
PA

SS
 c

ut
-o

ff
s 

de
fi

ne
 th

os
e 

sp
ec

ie
s 

w
ith

 c
on

se
rv

ed
 p

ro
te

in
s 

fo
un

d 
ab

ov
e 

th
e 

cu
t-

of
f 

an
d 

th
os

e 
sp

ec
ie

s 
le

ss
 li

ke
ly

 to
 b

e 
co

ns
er

ve
d 

be
lo

w
 th

e 
cu

to
ff

 (
D

et
ai

ls
 in

 S
up

pl
em

en
ta

l D
at

a,
 T

ab
le

 S
3)

c Pr
ed

ic
te

d 
as

 c
on

se
rv

ed
 “

Y
es

,”
 b

ec
au

se
 s

pe
ci

es
 in

 M
yx

in
if

or
m

es
 f

or
 T

H
R
α

 a
nd

 in
 L

in
gu

la
ta

 f
or

 T
SH

R
 a

re
 o

rt
ho

lo
g 

ca
nd

id
at

es
, a

lth
ou

gh
 th

e 
ta

xo
no

m
ic

 g
ro

up
 is

 b
el

ow
 th

e 
cu

to
ff

.

Ta
bl

e 
ce

lls
 in

di
ca

te
 w

he
th

er
 th

e 
pr

ot
ei

n 
is

 c
on

se
rv

ed
 c

om
pa

re
d 

to
 th

e 
hu

m
an

 q
ue

ry
 p

ro
te

in
, “

Y
es

,”
 o

r 
le

ss
 li

ke
ly

 to
 b

e 
co

ns
er

ve
d,

 “
N

o.
” 

In
 p

ar
en

th
es

es
 a

re
 th

e 
nu

m
be

r 
of

 s
pe

ci
es

 f
ou

nd
 a

bo
ve

 th
e 

Se
qA

PA
SS

 
cu

t-
of

f 
of

 th
e 

to
ta

l n
um

be
r 

of
 s

pe
ci

es
 a

lig
ni

ng
 w

ith
 th

e 
m

am
m

al
ia

n 
ta

rg
et

 f
or

 th
at

 ta
xo

no
m

ic
 g

ro
up

. D
as

he
d 

lin
e 

in
di

ca
te

s 
th

at
 n

o 
pr

ot
ei

n 
se

qu
en

ce
s 

al
ig

ne
d 

w
ith

 th
e 

qu
er

y 
se

qu
en

ce
 f

or
 th

at
 ta

xo
no

m
ic

 
gr

ou
p.

A
bb

re
vi

at
io

ns
: T

H
R
α

 =
 h

um
an

 th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 a
lp

ha
 (

P1
08

27
.1

; d
om

ai
n 

cd
06

93
5)

; T
H

R
β 

=
 h

um
an

 th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 b
et

a 
(P

10
82

8.
2;

 d
om

ai
n 

cd
06

93
5)

; T
PO

 =
 r

at
 th

yr
oi

d 
pe

ro
xi

da
se

 
(P

14
65

0.
1;

 d
om

ai
n 

cd
09

82
5)

; N
IS

 =
 h

um
an

 s
od

iu
m

/io
di

de
 c

ot
ra

ns
po

rt
er

 (
Q

92
91

1.
1)

; D
IO

1 
=

 h
um

an
 ty

pe
 I

 io
do

th
yr

on
in

e 
de

io
di

na
se

 (
P4

98
95

.3
);

 D
IO

2 
=

 h
um

an
 ty

pe
 I

I 
io

do
th

yr
on

in
e 

de
io

di
na

se
 

(Q
92

81
3.

4)
; D

IO
3 

=
 h

um
an

 ty
pe

 I
II

 io
do

th
yr

on
in

e 
de

io
di

na
se

 (
P5

50
73

.4
);

 T
SH

R
 =

 h
um

an
 th

yr
oi

d-
st

im
ul

at
in

g 
ho

rm
on

e 
re

ce
pt

or
 (

P1
64

73
.2

; d
om

ai
n 

cd
15

96
4)

; a
nd

 I
Y

D
 =

 io
do

ty
ro

si
ne

 d
ei

od
in

as
e 

1 
(Q

6P
H

W
0.

2;
 d

om
ai

n 
cd

02
14

4)
.

Environ Sci Technol. Author manuscript; available in PMC 2021 July 16.


	Abstract
	Graphical Abstract
	Introduction
	Species coverage

	Material and Methods
	Identifying Protein Targets from ToxCast™/Tox21 HTS Assays
	SeqAPASS Level 1: Primary Amino Acid Sequence Comparisons of HTS Targets
	SeqAPASS Level 2: Functional Domain Comparisons of HTS Targets
	Processing SeqAPASS Data to Evaluate the Taxonomic Domain of Applicability for HTS Data
	Case Studies Focused on Endocrine Targets
	Androgen Receptor
	Steroidogenesis
	Thyroid axis


	Results and Discussion
	SeqAPASS to Evaluate Select ToxCast™ Assay Groups
	Protecting Human Health and Wildlife from Endocrine Disruption
	The Taxonomic Domain of Applicability for AR HTS Assays
	The Taxonomic Domain of Applicability for HTS Assays Evaluating Steroidogenesis
	The Taxonomic Domain of Applicability for HTS Assays Evaluating Thyroid Axis Disruption

	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3.

