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Abstract

There continues to be a need to develop /7 vivo high-throughput screening (HTS) and
computational methods to screen chemicals for interaction with the estrogen, androgen, and
thyroid pathways and as complements to /n vitro HTS assays. This study explored the utility of an
embryonic zebrafish HTS approach to identify and classify endocrine bioactivity using
phenotypically-anchored transcriptome profiling. Transcriptome analysis was conducted on
zebrafish embryos exposed to 25 estrogen-, androgen-, or thyroid-active chemicals at
concentrations that elicited adverse malformations or mortality at 120 hours post-fertilization in
80% of animals exposed. Analysis of the top 1000 significant differentially expressed transcripts
and developmental toxicity profiles across all treatments identified a unique transcriptional and
phenotypic signature for thyroid hormone receptor agonists. This unigue signature has the
potential to be used as a tiered /7 vivo HTS and may aid in identifying chemicals that interact with
the thyroid hormone receptor.
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1. Introduction

A large body of empirical and clinical evidence has shown that environmental chemicals can
disrupt the endocrine systems of humans and wildlife, leading to developmental
perturbations that produce in some cases reproductive malformations, teratogenicity, and
neurocognitive deficits (e.g., reviewed in [1-5]). In response, the U.S. EPA’s Endocrine
Disruptor Screening Program (EDSP) was established in 1998 and has employed a two-
tiered strategy to screen and test chemicals for their potential to interact with the estrogen,
androgen, and thyroid hormone (TH) pathways. The EDSP Tier 1 battery consists of 11
assays, both /n vivoand in vitro, intended to be considered collectively in weight-of-
evidence (WoE) evaluations, while EDSP Tier 2 testing includes more in-depth studies to
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establish dose-response relationships for chemicals with demonstrated bioactivity under Tier
1[6-8].

Upwards of 10,000 chemicals need screening and testing by the EDSP for estrogen,
androgen, and TH disruption potential, with hundreds of new chemicals being added every
year [9]. Such a large chemical space presents challenges when relying on traditional /n vivo
studies for evaluation of potential endocrine effects; requiring extensive time, money, and
animals to fully implement. This problem has been broadly recognized, and many regulatory
agencies and other organizations have been seeking to develop high-throughput, high-
content, and next-generation technologies to apply to chemical screens [10-18]. This has
resulted in the establishment of several research programs such as the USEPA Toxicity
Forecaster (ToxCast™) program and the inter-agency Toxicology in the 215t Century (Tox21)
collaboration [19-23]. Likewise, the EDSP has adopted a similar framework, EDSP in the
215t Century, to begin to include high-throughput /n vitro, in silico, and computational
approaches with the goal of more efficiently screening chemicals for estrogen, androgen, or
TH bioactivity [14, 24]. While progress continues to be made [12-18], challenges remain
regarding the use of /n vitroand in silico approaches, including limited metabolic
competency, the homogeneity of cell cultures, /7 vivo extrapolation, and lack of exposure
estimates [25-32]. Continuing advances to develop /n vivo biosensor systems with higher
throughput and content capabilities may be useful alongside /n vitro HTS assays to help
address some of the challenges and limitations presented by cell-based technologies.

One such model that meets the requirements for a higher throughput /n vivo system is the
embryonic zebrafish. There are several advantages to using embryonic zebrafish as a model
organism for chemical screening, including prolific spawning and fecundity, rapid, external
development, embryonic transparency for screening, and higher content functional
endpoints. Translationally, the zebrafish genome shares 71% homology with humans [33],
and developmental and biological pathways are well-conserved. Throughout early
development, nearly the entire repertoire of the genome is expressed [34]; therefore, any
molecular target that a chemical has the potential to interact with will be present. This allows
for the screening of large numbers of chemicals with diverse bioactivities. Zebrafish have
already been used to examine the developmental and neurobehavioral toxicity of the
chemicals in ToxCast phase | and Il libraries [25, 27, 35]. Similarly, other studies have
screened flame retardants [36-38], polycyclic aromatic hydrocarbons (PAHSs) [39],
phytoestrogens [40], chemicals that disrupt cardiovascular function [41], nanomaterials [42,
43], inflammatory compounds [44], as well as high-throughput neurobehavioral screening to
identify chemicals with therapeutic potential as psychoactive drugs [45, 46].

Although developmental toxicity screens like those mentioned above provide a wealth of
information regarding possible toxic effects of chemicals, adverse phenotypes alone are
limiting and often correlated, providing little mechanistic information regarding a
chemical’s specific bioactivity [27]. For example, developmental exposure to prototypical
estrogen, androgen, or TH-active chemicals cause overlapping phenotypes such as
craniofacial abnormalities, pericardial and yolk sac edemas, axial defects, and delayed
hatching. Therefore, for many chemicals, the observed adverse phenotypes in 120 hpf
zebrafish cannot usually be mapped to a specific mode of action (MOA) [47-50]. However,
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coupling HTS with transcriptomics can offer a two-tiered approach to categorize chemicals
based on developmental bioactivity profiles and transcriptional changes likely associated
with a chemical’s MOA. Within the context of the zebrafish model, transcriptomics has been
used to identify putative MOASs and classify biological activities for a variety of chemicals
including PAHSs [51, 52], antimicrobials [53], heavy metals, [39] endocrine disrupting
compounds [50, 54, 55], and others [56].

Here, we explored the utility of using phenotypically-anchored transcriptomics in 48 hpf
embryonic zebrafish to classify EDCs. We applied a systematic decision flow to identify 25
putative substances with estrogen, androgen, and TH bioactivity potential using our previous
in vivo developmental toxicity assessment of the ToxCast phase | and Il chemicals [27]. To
understand the possible linkages between chemical-mediated changes in gene expression
and adverse outcomes, we elected to use a concentration of each chemical that elicited
adverse phenotypic effects, including mortality, in 80% of the exposed animals by 120 hpf
(ECgp) as sampling was from a pooled population. This concentration was independently
identified for all 25 chemicals prior to transcriptomic microarray analysis. Clustered
correlation analysis of the top 1000 differentially regulated transcripts identified a cluster of
four substances, 3,3",5-triiodothyronine (T3), 3,3’ ,5-triiodothyroacetic acid (Triac; a T3
analogue), 3,3",5,5 -tetraiodothyroacetic acid (Tetrac; a thyroxine (T4) analogue), and the
pharma compound, CP-634384, which had highly correlated transcriptional profiles that
were unique compared to the remaining 21 chemicals. TH receptor (TR) is present and
activated by maternal TH during early development preceding embryonic TH production
[57, 58]; thyroid follicle development occurs in zebrafish starting at 36 hpf with endogenous
TH production of T4 by 72 hpf [59]. Analysis of this subset of thyroid-active chemicals
revealed 27 overlapping transcripts, consisting of several known thyroid-regulated genes,
which may serve as a diagnostic signature of exposure to specific TR agonists in 48 hpf
zebrafish. Furthermore, analysis of the developmental toxicity profiles of these four
chemicals were highly similar and had a distinct phenotype in the gut, which may be
indicative of overproduction of heme-containing proteins. Overall, we demonstrate the
viability of using phenotypically-anchored transcriptomics in zebrafish as a tool to screen
and classify the endocrine disrupting potential of chemicals.

2. Materials and Methods
2.1 EDC Chemical Selection

Candidate EDC selection went through a tiered decision tree as shown in Figure 1. We first
began with a universe of known and expected EDCs that are available in The Endocrine
Disruptor Exchange Database (TEDX; http://endocrinedisruption.org/endocrine-disruption/
tedx-list-of-potential-endocrine-disruptors/overview; accessed Nov. 2013) and the first and
draft second list of chemicals for tier 1 screening in the USEPA Endocrine Disruptor
Screening Program [7, 60]. This consisted of a universe of 1034 chemicals. We then queried
these chemicals for those that were included in our previous zebrafish developmental
toxicity screen of ToxCast Phase | and Il chemicals [27]. This resulted in 289 unique
chemicals. From this list, we mined our larval zebrafish developmental screening database
[27] to identify chemicals which displayed high quality concentration response curves in
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which there was either no significant lowest effect level (as calculated in [27]), or if a
significant lowest effect level was observed at or above the second highest tested
concentration (6.4 or 64 uM depending on chemical solubility in DMSO) for 24 hpf
mortality as we will be sampling at 48 hpf. This filtering protocol resulted in the selection of
25 chemicals for further evaluation. Table 1 identifies the supplier, chemical stock purity,
and concentration ranges tested. Test solutions were prepared in dimethyl sulfoxide (DMSO;
Avantor Performance Materials, Center Valley, PA). A majority of compounds were gifted
by the USEPA and were chemicals used in the ToxCast program. Information regarding the
USEPA ToxCast chemicals (vendor, ToxCast bottle identification, chemical purity, QA/QC
metrics and methods of determination) are provided in Supplemental Table 1. We did not
perform analytical chemistry of the USEPA-procured chemicals and chemical purity was
assumed to be at the same level provided by the USEPA. All other compounds were
obtained from Sigma Aldrich (St. Louis, MO). Chemical stocks were allowed a maximum of
3 freeze/thaw cycles before new stocks were prepared.

2.2 Zebrafish

All zebrafish handling and use were conducted according to the Oregon State University
Institutional Animal Care and Use Committee procedures. Wild-type Tropical 5D zebrafish
were maintained at the Sinnhuber Aquatic Research Laboratory (Corvallis, OR) on a 28°C
recirculating water system with a 14:10 hour light/dark photoperiod. Embryo collection was
performed each morning from group spawns of adult zebrafish. In brief, group tanks of
adults with a 1:1 male female ratio were set up the day prior to spawning. Embryos were
collected from the tanks using an internal collection apparatus each morning, cleaned,
developmentally staged in spans of ho more than one hour, and kept in sterile petri dishes
under the same conditions as adult zebrafish prior to exposures [61].

2.3 Chemical exposures

At 6 hpf, the chorions were removed enzymatically and the embryos were placed, in 96-well
microplates pre-filled with 100 uL embryo medium as previously described [62]. For the
ECgg range finding studies, zebrafish were exposed under static conditions to nominal
graded concentrations of each chemical from 6-120 hpf (n = 32 embryos per exposure
concentration; Table 1). Zebrafish were assessed for developmental toxicity across 22
endpoints at 24 and 120 hpf as previously described [63]. We conducted range finding
studies based on the initial concentration response curves performed in the embryonic
zebrafish high-throughput screen (HTS) of the ToxCast chemicals [27], selecting
concentrations that were expected to elicit no response and up to 100% adverse effects, to
allow for appropriate resolution for curve fitting. To calculate the ECg for each chemical,
the developmental toxicity data was consolidated to “no effect” and “effect” scores across all
the endpoints. Each animal was assigned a 0 or a 1 if there were no adverse malformations
or if the animal had any mortality or malformation, respectively. We then performed logistic
regression analysis on these binomial data for each chemical using custom R scripts; ECsp,
ECg0, EC7g, and ECg values were calculated for each regression curve using the dose.p
function [64]. For the microarray studies, embryos were exposed to the ECgq of each
chemical from 6-48 hpf and RNA was isolated as described below, with four biological
replicates per chemical, in four separate grouped batches. Each group RNA isolation batch

Reprod Toxicol. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haggard et al.

Page 5

had its own vehicle (0.64% DMSO) control group to account for batch variability. Batch 1
consisted of vehicle control, 17B-E2, 3,3",5,5 -tetraiodothyroacetic acid (Tetrac), abamectin,
BPA, propiconazole, 3,5,3’-triiodothyroacetic acid (Triac), ziram, haloperidol, and kepone.
Batch 2 consisted of vehicle control, T3, 17a-EE2, genistein, PFOS, 17-MT, and
CP-634384. Batch 3 consisted of vehicle control, endrin, dimethipin, propylparaben,
vinclozolin, BPAF, and butylparaben. Batch 4 consisted of vehicle control, diisobutyl
phthalate, 5a-DHT, raloxifene hydrochloride, and pentachlorophenol (PCP). For the gRT-
PCR studies, embryos were exposed to vehicle control, the ECs, or ECgg of T3, Triac,
Tetrac, or CP-634384 from 6-48 hpf prior to RNA isolation, cDNA synthesis, and gRT-PCR
analysis as described below.

2.4 RNA isolation

The Zymo Quick-RNA MiniPrep kit (Irvine, CA; Cat No. R1055) or the Zymao Direct-zol
RNA MiniPrep kit (Irvine, CA; Cat No. R2052) were used to isolate RNA for the microarray
or gRT-PCR validation studies, respectively. Each replicate consisted of total mMRNA
collected from pools of eight 48 hpf embryos. In brief, embryos were homogenized using a
bullet blender (Next Advance, Averill Park, NY) for 3 minutes at speed 8 in either 300 pl
lysis buffer for microarray samples or 500 pul RNAzol RT (Molecular Research Center,
Cincinnati, OH) for the gRT-PCR samples with 0.5 mm zirconium oxide beads. RNA was
extracted according to the manufacturer’s protocols. For the microarray samples, the
optional DNase | digestion step was performed. The quality and concentration for each RNA
sample was determined using the Gen5 Take3 and SynergyMX spectrophotometer (BioTek
Instruments, Inc., Winooski, VT).

2.5 Microarray processing

Microarrays were hybridized and processed by OakLabs GmBH (Hennigsdorf, Germany) as
described previously [53]. In brief, RNA was isolated from pooled embryos with four
biological replicates per treatment group. RNA integrity was assessed to ensure RNA
integrity scores (RIN) of seven or above (Agilent 2100 Bioanalyzer, Agilent Technologies,
Santa Clara, CA). Total RNA (600 ng/sample) was placed in RNAstable® tubes (Biomatrica,
San Diego, CA) and dried according to the manufacturer’s instructions for shipment.
ArrayXS Zebrafish microarrays were used, which contain oligonucleotides for 48,370
coding and 8,075 non-coding sequences developed using the Ensembl ZV9 release 75
assembly (http://feb2014.archive.ensembl.org/Danio_rerio/Info/Index). RNA samples were
re-hydrated and the Low Input Quick Amp WT Labeling Kit (Agilent Technologies) was
used to generate cyanine 3-CT labeled cRNA according to the manufacturer’s protocols.
Samples were randomly hybridized to ArrayXS Zebrafish microarrays using the Gene
Expression Hybridization Kit (Agilent Technologies) by OakLabs GmBH, and scanned
using the SureScan Microarray Scanner (Agilent Technologies). Image files were processed
with Agilent Feature Extraction software (version 11) and raw intensity data were provided
for further processing and analysis.

2.6 Microarray analysis

The Linear Models for Microarray and RNA-seq Data (/imma) R/Bioconductor package was
used for microarray data filtering, background correction, normalization, and statistical
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analyses [65, 66]. Arrays were first background corrected and quantile normalized [67]. We
filtered all control probes and any probe that was less than 10% brighter than the negative
control probes on at least four arrays. Data preprocessing and QA/QC visualization
identified nine arrays that had a similar aberrant intensity profile across many probes, and so
were removed from the analysis. These deleted probe sets included replicates in two vehicle
control batches, Abamectin, Haloperidol, Kepone, two T3 replicates, CP-634384, and
Raloxifene hydrochloride. To account for potential batch effects, we implemented the
ComBat algorithm [68] to control for scan date variability as well as including the RNA
isolation batches in the /imma statistical model. Raw and normalized microarray data were
uploaded to the Gene Expression Omnibus and are publicly available (GSE89780).
Differential expression was performed by fitting the data to a paired linear model in /imma
considering treatment and the grouped RNA batch effects, and calculating moderated t-
statistics for each transcript using the empirical Bayes method of borrow information
between genes. P-values were corrected at a 5% false discovery rate (FDR) using the
Benjamini-Hochberg method. Transcripts with FDR adjusted P-value < 0.05 and = 1.5-fold
increase or decrease in expression compared to the controls were considered significant
(Supplemental Data 1). To examine the similarity of transcriptional profiles across all the
treatment groups, we performed clustered correlation analysis using custom R scripts. The
correlation matrix consisted of a dissimilarity matrix (1-Pearson correlation coefficient) of
the probe-wise fold-changes for the top 1000 significantly differentially expressed
transcripts, ranked by P-value, across all treatment groups and was clustered using the
agglomerative complete-linkage hierarchical clustering algorithm.

2.7 Quantitative real-time PCR

We validated eight of the 18 unique significantly differentially expressed genes after T3,
Triac, Tetrac, and CP-634384 exposure using quantitative real-time PCR. These genes were
selected based on their overall expression changes (e.g. si.ch211-103n10.5and gch2 were
the most significantly increased and decreased genes, respectively) and their relevance to TH
signaling (e.g. dio3aand plp1b). Primers for the target genes are listed in Supplemental
Table 1. A total of three biological replicates per treatment group, independent of the
original microarray study, were used for the validation study. cDNA was generated from
total RNA using the ABI High-capacity cDNA Reverse Transcription kit (Thermo Fisher,
Waltham, MA) according to the manufacturer’s protocol. We performed 12.5 ul gRT-PCR
reactions using 6.25 pl ABI Power SYBR Green PCR Master Mix (Thermo Fisher), 3.25 pl
H,0, 0.5 pl of forward or reverse primer, and 2 pl of cDNA (12.5 ng/ul) using the
StepOnePlus Real-Time PCR system (Thermo Fisher). Manufacturer’s recommended
cycling conditions were used. B-actin normalized fold-change measurements were
calculated according to the procedure described by Pfaffl [69]. Data were analyzed in R
using a one-way ANOVA with Tukey post-hoc test or the Kruskal-Wallis test with Dunn’s
post-hoc test for data that passed or failed normality testing, respectively.
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3. Results and Discussion

3.1 Selection of Dose and Sampling Time Point

The selection of chemical test concentration and developmental time point are key variables
when designing studies to define phenotypically-anchored transcriptomic signatures. One
difficulty with these types of transcriptomic studies centers on reliably detecting
reproducible and strong expression signatures indicative of chemical bioactivity. For
example, it has been demonstrated that the use of lower concentrations (EC1g and ECyq
values) to profile estrogenic and anti-androgenic chemicals provide transcriptional
signatures that have proven difficult to interpret as biomarkers and for application in larger
chemical screens [55]. Therefore, we opted to use higher test concentrations at the ECgg
with the purpose of eliciting robust transcriptional changes detectable above background
expression. It is also important to note that mortality was also considered as an adverse
effect in the calculation of the ECgg. However, for all chemicals tested, mortality was never
the most prevalent adverse effect contributing to the calculated ECgg value (Supplemental
Data 2). Another challenge with these types of studies centers on estimating the time course
of exposure to effects. For this study, sampling for transcriptome analysis was at 48 hpf as
this has been demonstrated to provide mechanistic information for several chemical classes
and adverse outcomes [51-53, 55]. However, it is recognized that some chemicals,
particularly those that interact with the estrogen and androgen pathways, may elicit the most
detectable bioactivity during later periods of reproductive differentiation, although it is also
known that the brain is an important target of estrogen signaling early in development [70].

3.2 ECgg Determination of 25 Hormones and EDCs

We calculated ECgq values for 23 of the 25 chemicals and observed a wide range of
concentrations (Figure 2). We were unable to calculate an ECgq for Vinclozolin and
Raloxifene hydrochloride due to no significant adverse effects at the highest concentration
tested (100 uM) and solubility issues, respectively. As a result, these two chemicals were
assigned an EC value of 50 pM for transcriptome analysis. Detailed developmental toxicity
profiles across the 22 endpoints evaluated, the logistic regression plot, model output, and EC
calculations for each chemical can be found in Supplemental Data 2. T3, Triac, and Tetrac,
were the most potent chemicals tested with an ECgg range of 6.3-10.9 nM, supporting that
embryonic zebrafish at this earliest developmental window are highly sensitive to TH or TH
analogs. This is not an unexpected observation given the importance of TH in early stages of
development. In contrast, model estrogens and androgens were less toxic, having ECgg
values several orders of magnitude larger, ranging between 9.46-38.71 uM. For many of the
chemicals tested, we observed adverse phenotypic profiles and calculated EC values similar
to those reported by others [47-49, 71]. It should be noted that we did observe several
chemicals where exposure to the ECgg elicited some adverse developmental progression
effects at 24 and 48 hpf including 17p-E2, BPAF, diisobutyl phthalate, genistein, PCP, and
ziram.

In general, we observed a diversity of phenotypic responses across all the chemicals tested,
including common endpoints such as axial defects, pectoral and caudal fin malformations,
craniofacial abnormalities, and yolk sac and pericardial edema. Clustered phenotypic
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profiling using the lowest effect level approach described previously [27] showed many
chemicals elicited similar apical phenotypes across all endpoints, regardless of their
predicted bioactivity via estrogen, androgen, or TH signaling pathways (Supplemental
Figure 1). However, several compounds did elicit unique phenotypic responses. Of the 25
chemicals targeted, ziram, a thiocarbamate pesticide, was the only chemical that elicited
notochord malformations at 24 and 120 hpf, a phenotype that has been well characterized
previously for this chemical class [72—74]. The other chemicals that caused unique
phenotypic responses after exposure were T3, Triac, Tetrac, and CP-634384. Triac and
Tetrac are iodothyroacetic acid metabolites of iodothyronines that have been shown to be
metabolized by similar mechanisms to TH; that is, deiodination and conjugation reactions
but with less well-described formation pathways (reviewed in [75, 76]). Triac induces TR
isoform- and response element-specific transcriptional bioactivity, having a higher affinity
for the B isoform than T3 and sharing an equal affinity with T3 for a isoforms[77].
Similarly, Tetrac has similar transcriptional bioactivity as T4 [78] and was demonstrated to
alleviate neuronal defects and inhibit thyroid stimulating hormone induction in a rodent
model of Allan-Herndon-Dudley syndrome [79]. CP-634384 represents one of the failed
pharmaceutical chemicals included in the ToxCast Phase I library. A search for the
bioactivity of this chemical across the ToxCast/Tox21 or PubChem assays using the EPA
Chemistry Dashboard (https://comptox.epa.gov/dashboard) showed that this chemical was
highly active in TR receptor agonism assays [80]. Examination of the developmental toxicity
profiles for these four compounds showed high similarity across the 22 phenotypic
endpoints including developmental malformations (axial, craniofacial, and pectoral fin
defects) observed among other compounds (Figure 3A).

However, we did observe two phenotypes that were unique to these apparent TH-active
compounds. Namely, the loss of pigmentation and the formation of blue-green pigment in
the liver at higher exposure concentrations, as shown in representative images of embryos
exposed to Triac (Figure 3B). A recent developmental toxicity screen of T3 as well as
thyroid antagonists observed similar pigmentation in the liver but only among T3-exposed
zebrafish [47]. Evidence has shown this altered liver pigmentation to be associated with
accumulation of biliverdin, an intermediate product of heme catabolism. We also observed a
notable decrease in the density of melanophores after exposure to these four chemicals
(Figure 3B). This phenotype has been observed in other studies examining hyperthyroidism
in adult and larval zebrafish and associated reductions in the proliferation and survival of
melanophores [47, 81]. Another phenotype that has been observed in hypothyroid larval life-
stages of fishes is underinflation of the anterior swim bladder [47, 82, 83]. Normal inflation
of the swim bladder in zebrafish is reliant on a ‘swim-up’ behavior that includes zebrafish
actively gulping air [84]. Detection of this phenotype can be confounded by administration
of tricaine for 120 hpf evaluation. In our studies, we observed that the addition of tricaine
resulted in a deflated swim bladder in some animals, including DMSO controls. Due to the
challenge in interpreting this endpoint, this malformation was scored positive only in severe
cases where the swim bladder was not visually detected, and did not contribute to the
developmental toxicity of these four chemicals (Figure 3A).
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3.3 Transcriptome profiling of chemicals that interact with the thyroid pathway

A clustered correlation analysis of the top 1000 significant differentially expressed
transcripts across all tested chemicals resulted in a distinct separation of T3, Triac, Tetrac,
and CP-634384 from the other compounds, with little to no correlation with all other
chemicals (Figure 4). Exposure to the ECgg of T3, Triac, Tetrac, and CP-634384 resulted in
55, 148, 407, and 156 significant differentially expressed transcripts, respectively, for a total
of 614 dysregulated transcripts across all four chemicals. As shown in Figure 5, we
measured positive correlations for all pairwise comparisons of these four chemicals with the
greatest transcriptional overlap between Triac and CP-634384 with a total of 52 transcripts.
A total of 27 transcripts were significantly differentially expressed across all four treatments
(Table 2), including several for the same gene target (akr, b2m, hbz, opnilwZ, and
si.ch1073-459j12.1) representing a total of 18 unique gene targets. Interestingly, on average,
we only observed 2-3 out of these 27 transcripts (<10%) significantly dysregulated in the
other 21 chemicals, suggesting that these 27 transcripts represent a signature unique to T3,
Triac, Tetrac, and CP-634384. This clustering pattern was consistent with the distinctive
phenotypic observations for T3, Triac, Tetrac, and CP-634384, and indicative of highly
correlated transcriptomic signatures related to thyroid pathway MOAs.

Our data suggest that exposure to elevated exogenous TH or TH analogs produces
pigmentation defects, and other morphological abnormalities, which may be a result of
disruption in the normal cascade of developmental cues mediated by TR signaling. TH-
mediated transcriptional regulation occurs through TR activity. In general, the unliganded
TR acts as a constitutive transcriptional repressor when not bound by TH, and a
transcriptional activator when bound by TH (as reviewed in [85]). Twenty-three of the 27
overlapping transcripts between T3, Triac, Tetrac, and CP-634384 were significantly
increased (Table 2), suggesting that some of these genes may be transcriptionally repressed
by unliganded TR at this life stage until later in development when endogenous TH is
present. Notable TH-regulated transcripts that were shown to increase included dio3a, plp1b,
hbz, zgc.92880, si.ch211-103n10.5, and b2m. Dio3 encoded by dio3a in zebrafish catalyzes
the inactivation of T4 and T3 to 3,3",5’-triiodothyronine (reverse-T3) and 3,3"-
diiodothyronine (T2), respectively, and may be induced as a compensatory mechanism to
inactivate the high levels of T3 and TH analogs due to exposure [86]. Developmental
hypothyroidism causes delays and reductions in the production of the myelin sheath [87].
plplbis a structural protein that is the predominant component of myelin and its expression
is increased or decreased in response to a hyper- or hypothyroid state in the brain,
respectively [87, 88]. Though not as straightforward as dio3aand p/p1b, THs have also been
shown to play a role in the switching of embryonic to adult hemoglobin, and the observed
changes in expression for both Abzand zgc.92880, orthologous to the human fetal globin
gene HBG1, may be involved in that process [54, 89]. The large increases in the expression
of globin genes may contribute to the formation of the unique blue-green pigment detected
in the livers of fish at 120 hpf. This altered liver pigmentation may be related to an adaptive
response and merits additional study (Figure 3B). si.ch211-103n10.5, an orthologue of
human HIST1H1C, codes for Histone H1.2, a histone complex protein that can bind to
linker DNA between nucleosomes to form chromatin fibers, and is involved in the
compaction of nucleosomes [90]. Histone proteins are normally regulated in a DNA
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replication-dependent manner and to our knowledge only one /n vitro study has observed a
similar effect of THs in increasing the abundance of histone proteins [91]. In that study, the
effects of T3 on histone proteins were suggested to be due to increased translational
efficiency of histones rather than increased transcription. However, this was never confirmed
for histone H1, which may have an independent mechanism or may be regulated differently
by TH. Two hypotheses for the si:ch211-103n10.5 induction may be a homeostatic response
to the loss of TR repressive bioactivity in the presence of these four chemicals, or aberrant
repression of genes through chromatin remodeling due to bioactivity of liganded TR in cells
that participate in TH signaling [90]. Furthermore, the magnitude of differential expression
of this gene coupled with the fact that it was measured in whole embryo homogenates
suggests that this activity occurs in a large number of cells, possibly affecting many
disparate cell types in 48 hpf embryos. 62m, a protein found on the surface of lymphocytes,
is a component of class | histocompatibility antigens and has been shown to be elevated in
hyperthyroid individuals [92-94]. The mechanism by which excessive TH levels increase
b2m levels is unknown.

To demonstrate that the unique transcriptional signatures measured could be used as a
possible biomarker for exposure to TH-active compounds, we selected eight of the 27
significant overlapping transcripts for qRT-PCR validation at both the calculated ECsg and
ECgg exposure levels. As shown in Table 3, all the transcripts except for gch2 validated in
one or more of these chemicals at the ECgg exposure level. Of the transcripts that validated
at the ECgj, the transcriptional responses between the ECsg and ECgg had an average
concordance of 86% between these chemicals (57%, 100%, 100%, and 87.5% concordance
for T3, Triac, Tetrac, and CP-634384 respectively), and appeared to change in a
concentration-dependent manner. We observed significant expression changes at both the
ECgo and ECsq exposure levels for dio3b, nfil3-6, sb.cb827, and si:ch211-103n10.5. plp1b
was similarly significantly elevated for all tested chemicals at both the ECgg and ECgg
except for the ECsg of T3 (FDR adjusted P-value = 0.23). We also observed mixed
significant responses for both hbzand zgc:92880, which were not affected after exposure to
Triac, suggesting these transcripts may not be fully reliable as biomarkers at 48 hpf. The
concordance between the clustering of T3, Triac, Tetrac, and CP-634384 in the
developmental toxicity (Supplemental Figure 1) and transcriptome profiling approach
(Figure 4) demonstrates that developmental toxicity screening alone can identify potent TR
agonists. In this case, full transcriptome profiling for chemicals that elicit a similar
pigmentation phenotype after developmental exposure would not be required; however,
confirmation of bioactivity using the biomarker gene set identified in this study would be
useful.

Although we did observe unique transcriptional profiles for T3, Triac, Tetrac, and
CP-634384, we did not observe correlated transcriptional signatures with other test
chemicals with known TH bioactivity. /n vivo studies of PFOS exposure in rodents have
measured decreased serum T4 and T3 after acute [95] and chronic exposures [96, 97]. The
relationship of PFOS-induced thyroid bioactivity to subsequent developmental pathology in
experimental mammalian models continues to need study. Mechanistic research has shown
that increased hepatic glucuronidation and TH catabolism, with a potential compensatory
response of increasing Diol (converting T4 to active T3) expression, play a role in the
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reductions in circulating TH [98-100]. Developmental exposure to PFOS for 15 days in
zebrafish resulted in similar increases in expression of several TH-responsive and
homeostatic genes, such as s/c5a5 (sodium/iodide symporter) and dioZ; however, PFOS
exposure increased total T3 levels and had no effect on T4 levels, which may be due to
compensatory activity related to increases in dioZ [101]. Based on these postulated
mechanisms of PFOS interference with TH catabolism and possibly biosynthesis, it is not
surprising that the transcriptional signatures for T3, Triac, Tetrac, and CP-634384 differed
from that of PFOS. PCP is another chemical with suspected TH bioactivity that did not have
a similar transcriptional profile as the four TR agonists. Developmental exposure to PCP in
zebrafish results in a hyperthyroid phenotype with increased T3 levels and increased
expression of several genes along the hypothalamus-pituitary-thyroid axis such as #s/16a,
slcsab, diol, dioZ, dio3a, thra, thrb, and ugtiab[102, 103]. Although we observed
significant increases in dio3aand thrb, with the latter observed in only T3, Triac, and
CP-634384, these transcriptional responses were absent in our PCP samples. This difference
may be due to concentration differences between studies, where our ECgq for PCP was 1.02
UM compared to the transcriptionally-active concentration of 38 nM (10 pg/L) in Cheng et
al. [103]. Transcriptome studies examining the developmental toxicity of PCP at higher
concentrations (190-760 nM) have demonstrated that PCP acts as an uncoupler of oxidative
phosphorylation during early development [104, 105]. Transcriptional profiles at 24 hpf after
exposure to 760 nM (200 pg/L) of PCP caused disruption in genes involved in somitogenesis
and lens formation, consistent with non-thyroidal disruption of development [105]. Overall,
these studies present a contrasting concentration-dependent mechanism of PCP toxicity
during zebrafish development, where low concentrations (< 50 nM) appear to disrupt the TH
pathway but higher concentrations elicit a toxic response involving general developmental
processes. Because the ECgq exposure level in our analysis, 1.02 uM, is near the highest
concentration used in Xu et al. [105], we hypothesize that the transcriptional profile we
observed is likely similar to the non-thyroidal developmental effects of PCP. Additional
studies of PCP, using the experimental approach presented here, are needed to determine
whether PCP has TR agonist-like bioactivity at the concentrations used in Cheng et al. [103].
This demonstrates that not every chemical screened using the phenotypically-anchored
transcriptome approach at an EC80 exposure level described here will be wholly sensitive to
a chemical’s MOA, and may be complicated by transcriptional changes associated with non-
specific toxicity observed at higher concentrations, thus highlighting the need for additional
orthogonal assays to fully classify chemical bioactivity.

3.4 Transcriptome profiling of chemicals that interact with estrogen and androgen

pathways

Estrogen receptor (ER) expression in zebrafish development first appears in the brain at 24
hpf followed by the liver, pancreas, neuromasts, and the heart at later developmental stages
[106-108]. Similarly, androgen receptor (AR) expression can be identified in the brain and
olfactory placodes, and pronephros at 24 hpf, with expression in specific brain regions and
retina from 72-120 hpf [109]. The developmental expression of ER and AR, along with
steroid hormone synthesis and aromatase enzymes, supports a functional role for estrogen
and androgen signaling during early development outside of their primary role in
reproductive differentiation (as reviewed in [110]). Furthermore, developmental exposure to
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estrogen/androgen agonist and antagonist chemicals induce neurobehavioral changes and
adverse developmental effects, which suggests the possibility of conserved transcriptional
responses from chemicals that modulate the activity of these receptors [40, 71, 107].
However, unlike T3, Triac, Tetrac, and CP-634384, we did not observe a strong
transcriptional signature for estrogenic and androgenic chemicals tested. In a similar
transcriptome study of developmental exposure to 1 pM 17p-estradiol, expression profiles of
24, 48, 72, and 96 hpf zebrafish were highly disparate and only one overlapping gene, vigZ,
was found across all timepoints [107]. The lack of concordance in correlated transcriptional
signatures in our study, and in Hao et al. [111], may be related to the biological importance
of TR signaling in early development [112, 113] compared to estrogen and androgen
pathways, although the role of steroidal signaling in brain development continues to evolve.
TH levels are known to be involved in life-stage transitions in zebrafish as well as anuran
metamorphosis, likely involving highly conserved transcriptional responses for many genes
after exposure to TR agonists [114, 115]. The strong transcriptional signature for TH-related
chemicals support this hypothesis and our data suggest 48 hpf is an appropriate timepoint to
identify these types of chemicals. It is possible that examining transcriptional profiles
beyond 48 hpf may identify sets of genes that are sensitive to estrogenic and androgenic
chemicals. Including additional time points following chemical exposures would likely
increase the sensitivity and reliability of any biomarkers of exposure for estrogenic and
androgenic chemicals, and provide added information regarding the molecular events that
precede the adverse phenotypic responses observed for these chemicals. However, this
would need to be performed at lower concentrations to limit secondary effects associated
with the progression of toxicity. These varied experimental paradigms will become more
feasible as the cost of measuring the transcriptome decreases. Similarly, since we were
interested in identifying discriminatory transcriptional signatures indicative of specific
endocrine effects, we have focused our analysis at the transcript level and did not perform
any downstream functional analyses, such as pathway or gene set analysis. Several
transcriptome analyses have observed a lack of correlation between related chemicals [55,
107] or species comparisons of the same chemicals [116] at the transcript level, only to
observe significant overlap in functional relationships between exposures at the biological
pathway or gene ontology level.

4. Conclusion

Developing new models with the potential to more efficiently screen chemicals for
endocrine bioactivity is paramount to be responsive to public health considerations
underlying statutory requirements of the EDSP. Furthermore, additional work is needed to
define /n vivo models for these types of screens to supplement /n vitroand in silicoHTS
assays. Here, we used phenotypically-anchored transcriptomics with a diverse set of 25
EDC:s to identify unique transcriptional signatures that could predict a chemical’s potential
to interact with the estrogen, androgen, and/or thyroid pathways. Although the transcriptome
analysis presented here only consisted of one timepoint, and therefore represents only a
snapshot of the transcriptome changes due to chemical exposure, it can model chemical-
induced expression changes across all cell and tissue types present in 48 hpf zebrafish.
Using this approach, we demonstrated that chemicals that act as specific TR agonists induce
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a unique transcriptional profile that is indicative of strong TR agonism, potentially mediated
by loss of the basal repressive signaling of unliganded TRs. The identification and
subsequent validation of many of the transcriptional changes observed between all four
chemicals, alongside their involvement in TH signaling, suggests that these transcripts may
serve as a suite of biomarkers of TR agonists in 48 hpf zebrafish. Moreover, the correlation
between the unique 120 hpf phenotype, i.e. loss of pigmentation and biliverdin
accumulation, suggest that developmental toxicity screening alone, followed by gRT-PCR
confirmation using the identified biomarker gene set, is sufficient to identify potent TR
agonists. Further study is needed to determine whether these transcripts continue to be
disrupted or if any additional signatures become apparent later during development due to
exposure to TR agonists. The lack of unique transcriptional signatures for estrogenic,
androgenic, as well as chemicals that disrupt the TH pathway outside of specific TR
agonism, suggests additional work is needed to better define the optimal developmental
timepoint for the application of this approach for chemicals that interact with these
endocrine pathways. However, this work demonstrates the promise of phenotypically-
anchored whole genome transcriptomics in zebrafish to more rapidly screen and classify
potential EDCs based on their global expression profiles.
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Chemical selection workflow based on the Endocrine Disruptor Exchange (TEDX)and

Page 21

USEPA EDC lists and our zebrafish developmental toxicity assessment of ToxCast Phase |
and 11 chemicals. 1 Denotes the initial list and second list of chemicals for tier 1 screening in

the USEPA EDSP. 2Chemicals from Truong et al [27]. 3A chemical with low 24 hpf
mortality was defined as having a significant lowest effect level at or above the second

highest tested concentration, or no significant lowest effect level, for 24 hpf mortality (as

defined by [27]).
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Figure 2.
Distribution of ECgq values for all 25 chemicals. ECgg concentrations for all 26 compounds

ordered by potency. Vinclozolin and raloxifene hydrochloride elicited low toxicity in this
assay, and so the EC value was arbitrarily set to 50 uM
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Figure 3.

Developmental toxicity of T3, Triac, Tetrac, and CP-634384. A) Phenotypic profile for T3,
Triac, Tetrac, and CP-634384 across the suite of 22 phenotypic endpoints evaluated at 24
and 120 hpf. B) Representative bright field images of 120 hpf embryos exposed to 0, 0.16,
0.8, 4, 20, or 100 nM Triac taken using the Keyence BZ-X710 fluorescent microscope
(Keyence, Osaka, Japan). White arrows denote possible biliverdin accumulation in the liver

of exposed embryos.
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Figure 4.
Clustered correlation analysis of the top 1000 significantly expressed transcripts for the 25

EDCs. A dissimilarity matrix for the top 1000 significant transcripts (FDR adjusted P-value
< 0.05; fold change = 1.5) for all pairwise comparisons was generated and hierarchically
clustered using the complete linkage algorithm. Colored annotation bar denotes the
suspected endocrine bioactivity class of the 25 chemicals.
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Figure 5.

Scatter matrix and significant transcript overlap between T3, Triac, Tetrac, and CP-634384.
Transcriptional profiles of the thyroid chemical group using pairwise scatter matrices of the
614 unique significant differentially expressed transcripts are shown in the bottom half of
the plot. Dashed lines indicate the regression line for each comparison and the Pearson
correlation coefficient is provided in the bottom right of each plot. Venn diagrams
representing the pairwise overlap of significant transcripts for each treatment pair are shown
in the top half of the plot.
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