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Abstract

The sodium-iodide symporter (NIS) mediates uptake of iodide into the thyroid. Inhibition of

NIS function by xenaobiotics has been demonstrated to suppress circulating thyroid hormones

and perturb related physiological functions. Until recently, few environmental chemicals had

been screened for NIS inhibition activity. We previously screened over 1000 chemicals from the
ToxCast Phase 1l (phlv2 and ph2) libraries using an /n vitro radioactive iodide uptake (RAIU)
with the hNIS-HEK?293T cell line to identify NIS inhibitors. Here, we broaden the chemical space
by expanding screening to include the ToxCast elk library (804 unique chemicals) with initial
screening for RAIU at 1x10™* M. Then 209 chemicals demonstrating >20% RAIU inhibition were
further tested in multiple-concentration, parallel RAIU and cell viability assays. This identified 55
chemicals as active, noncytotoxic RAIU inhibitors. Further cytotoxicity-adjusted potency scoring
(with NaClO4 having a reference score of 200) revealed 5 chemicals with moderate to strong
RAIU inhibition (scored >100). These data were combined with our previous Phll screening data
to produce binary hit-calls for ~1,800 unique chemicals (Phll+elk) with and without cytotoxicity
filtering. Results were analyzed with a ToxPrint chemotype-enrichment workflow to identify
substructural features significantly enriched in the NIS inhibition hit-call space. We assessed
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the applicability of enriched Phll chemotypes to prospectively predict NIS inhibition in the elk
dataset. Chemotype enrichments derived for the combined ~1,800 dataset also identified additional
enriched features, as well as chemotypes affiliated with cytotoxicity. These enriched chemotypes
provide important new information that can support future data interpretation, structure-activity
relationship, chemical use, and regulation.
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sodium-iodide symporter; thyroid; endocrine disruptor; high-throughput in vitro screening assay;
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1. Introduction

Environmental chemicals have been shown to perturb thyroid homeostasis through multiple
mechanisms of action (MOA)(Brucker-Davis 1998; Capen and Martin 1989; Crofton 2008;
Ghassabian and Trasande 2018). The multiplicity of possible pathways adversely affecting
thyroid function has made screening chemicals for thyroid disruption challenging. Very
few thyroid screening assays were initially included in the U.S. Environmental Protection
Agency’s (U.S.EPA) ToxCast and affiliated multi-Agency Tox21 programs (Collins et al.
2008; Dix et al. 2006). The assays that were included mostly consisted of receptor binding
and transactivation assays (Noyes et al. 2019). For this reason, research efforts within U.S.
EPA have focused on identifying, prioritizing, and developing new /n vitro screening assays
that are aligned to putative MOAs and can be used to screen large chemical libraries for
potential thyroid-disrupting activities (Buckalew et al. 2020; Hornung et al. 2018; Noyes et
al. 2019; Olker et al. 2018; Olker et al. 2019; Paul Friedman et al. 2016; Wang et al. 2019;
Wang et al. 2018).

The sodium-iodide symporter (NIS) is a transmembrane protein responsible for active
uptake of iodide into the thyroid gland for thyroid hormone synthesis (Carrasco 1993).
Previous research efforts initially focused on the interference of NIS-mediated iodide uptake
by inorganic anions such as ClO,4~, PFg~, BF4~, SCN™, NO3~, and Br™", which were
shown to be competitive inhibitors of iodide transport through the NIS (Darrouzet et al.
2014). Until recently, few organic xenobiotics had been tested for NIS inhibition, and
given their widespread prevalence, identification of environmental chemicals as potential
NIS inhibitors is critical. Previously, our laboratory initiated an effort to identify NIS
inhibitors with an /in vitro screening assay allowing for thousands of chemicals to be
rapidly investigated (Hallinger et al. 2017; Wang et al. 2019; Wang et al. 2018). This /n
vitro radioactive-iodide uptake (RAIU) assay has since been employed to screen nearly
1000 ToxCast Phll chemicals(Richard et al. 2016; Wang et al. 2019; Wang et al. 2018).
Subsequently, we confirmed activity of 29 high-ranking chemicals from the initial screen
in a supplemental Fischer rat thyroid follicular cell line (FRTL-5) NIS inhibitor screening
assay to provide a rat/human comparison (Buckalew et al. 2020). The previously tested
library of ~1000 ToxCast Phll chemicals featured diverse structures spanning pesticides,
herbicides, industrial and pharmaceutical compounds (Richard et al. 2016). To explore
possible structure-activity associations, we applied a novel structure-activity profiling
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method that utilized a chemotype enrichment workflow (CTEW) based on a publicly
available set of ToxPrint chemical features (https://toxprint.org/; Yang et al., 2015). Using
this approach, we were able to identify over 20 distinct chemotypes (CTs), representing
more than 60% of the active chemicals, that were enriched for the NIS inhibition activity in
both the cytotoxicity unfiltered and filtered activity sets.

Goals of the present study were twofold: to expand the environmental chemical space of
interest for NIS inhibition, and to further validate the utility of CTEW approach to extract
structure-activity signals associated with NIS inhibition. Our previously developed /n vitro
RAIU assays, featuring the hNIS-HEK293T-EPA and FRTL-5 cell lines, were used to screen
and prioritize ~804 chemicals from the ToxCast elk library for potential NIS inhibitors.

The ToxCast elk chemicals expanded the NIS inhibitor screening space to include known
endocrine-active chemicals such as estrogen and androgen receptor binding ligands as

well as a broad range of industrial use and pharmacologically active chemicals. With the
newly acquired NIS inhibition experimental data, we compared and reported changes in
enriched CTs due to significant expansion of the chemical library from 1000 (Phil) to
~1800 (Phll+el1k) chemicals. ToxPrints were used to profile the elk dataset to anticipate
new areas of chemistry not previously included in the Phll screening and to determine
potential applicability of the originally previously derived, enriched CTs. These CTs were
then applied to predict NIS inhibition activity of the elk chemicals. Finally, we reapplied the
CTEW to the entire combined Phll+elk library and compare the resulting enriched CTs to
those derived previously, both for the cytotoxicity unfiltered and filtered activity datasets.

The results from this study conclude the screening of the current ToxCast library and
represent the largest source of in vitro environmental chemical screening data for NIS
inhibitors. The assay has been validated by multiple means and, when applied with parallel
cytotoxicity filtering, has successfully identified chemicals exhibiting both weak and strong
NIS inhibition. The sequential screening of portions of the ToxCast library has enabled

us to monitor changes to the patterns of enriched CTs as a function of test set size,
structure diversity, and cytotoxicity filtering. Significant and stable CT enrichment signals
in identified NIS inhibition actives offer independent support for the validity of the NIS
inhibition assay and provide a tool for structure-based screening and prioritization of new
chemicals for NIS activity based on the publicly available, chemically intuitive ToxPrints.
Furthermore, we demonstrate how these CT signals can be mined to provide /in silico
avenues for further exploration of the structural and biological basis of NIS activity in
relation to other ToxCast assays associated with thyroid function.

Materials and methods

2.1 Chemical preparation

The ToxCast e1lk chemicals were obtained from the U.S. EPA’s ToxCast Chemical
Contractor (Evotec, Branford, CT), managed through U.S. EPA’s National Center for
Computational Toxicology (currently the Center for Computational Toxicology and
Exposure). The test library contained 809 samples (representing 804 unique chemicals),
with 5 internal quality chemicals run in duplicate. Chemicals were solubilized in dimethy!l
sulfoxide (DMSO) (< 2x1072 M, Table S1) and supplied in fourteen 96-well plates. Stock
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chemical plates were visually inspected under an inverted microscope to confirm solubility
in each well (Table S1). All control chemicals, including sodium perchlorate (NaClOy),
sodium nitrate (NaNO3), sodium thiocyanate (NaSCN), 2,4-dichlorophenoxyacetic acid
(2,4-D), and 2,3-dichloro-1,4-napthoquinone (DCNQ) (Sigma Aldrich, St. Louis, MO), were
initially solubilized in DMSO (EMD Millipore Corp., Darmstadt, Germany) at 2x102

M. Documentation for all chemicals in the ToxCast inventory supplied for testing was
subject to manual quality curation review prior to substance registration in U.S. EPA’s
DSSTox structure database (Richard et al., 2016), and were assigned DSSTox chemical
identifiers (DTXSIDs, chemical names, CAS numbers) and mapped to chemical structures
(DTXCIDs), wherever possible. These chemical identifiers and the associated maximum
concentrations are provided in Table S1.

2.2 High-throughput human NIS inhibition screening

The ToxCast e1k chemicals were tested in the high-throughput RAIU screening assay as
previously described (Wang et al., 2018, 2019). Briefly, the hNIS-HEK293T-EPA cells were
incubated at 37°C/5% CO in 96-well plates and then exposed to 125] with test chemical

for 2 h. Intracellular 1251 was measured as counts per minute (CPM) with a MicroBeta?
microplate scintillation counter (Perkin Elmer, Waltham, MA). Median CPM for the DMSO
vehicle control wells was used as the maximum RAIU reference to normalize CPMs from
each plate as percent activity of control. A total of 809 blinded chemical samples were first
tested by the RAIU assay at a single concentration of 1x10~4 M (some exceptions owing to
solubility, see Table S1). Then, 214 samples that produced median RAIU inhibition greater
than 20% were further tested in six serially diluted concentrations (11072 - 1x10™4 M)

to obtain dose response curves. CellTiter-Glo (Promega, Madison, MI) cell viability assays
(measuring intracellular ATP) were conducted in parallel to identify chemicals that may
have caused a decrease in RAIU due to confounding cytotoxicity. Results of the cell viability
assay, measured as relative light units, were also normalized as percent activity of DMSO
(vehicle control) as with the RAIU assay. All assays were conducted with 3 bioreplicates. To
assess the performance of RAIU and cell viability assays, multiple control chemicals were
included on each assay plate; NaNO3z (RAIU ECgq control), NaSCN (RAIU ECyq control),
and 2,4-D (RAIU negative control) at 1x10~4 M, and NaClO4 (RAIU positive control) and
DCNQ (cell viability positive control) at six concentrations (1x1079 - 1x1074 M).

2.3 Secondary testing by the FRTL-5 assay

A secondary Fischer rat thyroid follicular cell (FRTL-5) RAIU assay and cell viability assay
were used to confirm highly ranked chemicals based on the human NIS high-throughput
screening results. This assay also used a 2 h chemical exposure time and shared similar
screening procedures as the human NIS assay. The detailed protocol was previously
described (Buckalew et al. 2020).

2.4 Screening data analysis

NIS inhibition assay results were analyzed as previously described (Wang et al. 2018). All
chemicals that produced < 20% median RAIU inhibition in the initial single-concentration
screening were considered inactive for NIS inhibition in this assay. For the rest of the
compounds tested further in multiple-concentration, an activity threshold was determined
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based on 3 times the median absolute deviation (3bMAD, b = 1.4826), calculated using

the responses of the two lowest concentrations across all test chemicals (i.e., responses

at 1x1072 and 1x1078 M). In this study, the activity thresholds (3bMAD) in the multiple-
concentration screening were 18.86% for cell viability and 17.84% for RAIU. For
consistency with the single-concentration screening, the significant threshold of RAIU in
multiple-concentration screening was set at 20% instead of the 30bMAD value (17.84%).
Chemicals that produced median RAIU inhibition (at any given concentration) > 20% in the
multiple-concentration testing were categorized as Hitl actives in the following analyses.

A cytotoxicity filter was applied to Hitl actives to rule out RAIU false positives caused

by cytotoxicity, producing the Hit2 actives. Hit2 actives were designated as chemicals that
produced non-cytotoxic RAIU inhibition (cell viability inhibition <18.86%) at one or more
test concentrations. Potency reporting (AC50, absEC50, cytotox-point) and toxicity-adjusted
chemical potency ranking are described in SI.

2.5 ToxPrint Chemotype Enrichment Analysis

Enrichment analyses were performed using results for elk chemicals from the current study
combined with results from our previous screening of the ToxCast Phase 11:ph2 and phlv2
chemical sets (Wang et al. 2018). For simplicity, we will henceforth refer to the earlier
Phase Il:ph1 v2, ph2 results as “Phll”, the new Phasell:elk results as “e1k”, and the

full, combined dataset as “Phll+elk”. Detailed ToxCast chemical inventory description is
provided in SI. A list of 1771 unique chemicals (Table S2) was generated for the combined
Phll+elk set by merging results for replicate test samples (as internal quality controls) and
removing substances that could not be assigned a discrete structure (e.g., mixtures). For
replicated samples, the hit-calls were assigned as positive if at least one of the replicates was
positive.

The ToxPrint chemotype enrichment analysis workflow (CTEW), described previously
(Wang et al., 2019), was used to generate results for the Hitl and Hit2 sets of NIS

inhibitor screening results for three inventories: 1) the previously tested Phil inventory
(1028 unique structures); 2) the newly tested elk inventory (743 unique structures); and

3) the combined Phll+elk inventory (1771 unique structures). The ToxPrint chemotype
(CT) set (https://toxprint.org/), developed by Altamira (Altamira, Columbus, OH USA) and
Molecular Networks (Molecular Networks, Erlangen, GmbH) under contract from the U.S.
Food and Drug Administration, consists of 729 sub-structural features (i.e., chemotypes)
that are designed to capture a broad diversity of chemical atom, bond, chain, and scaffold
types, as well as to represent chemical patterns and properties especially relevant to various
toxicity and safety assessment concerns (Yang et al. 2015). CTEW calculation details are
provided in SI.

3. Results and Discussion

3.1 hNIS single- and multiple-concentration assay

The performance of the assay was monitored using several quality control (QC) metrics
including CV of DMSO, Z’ scores(Zhang et al. 1999), and ACs of positive controls
(NaClO4 for RAIU, DCNQ for cell viability) calculated based on reference/control chemical
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responses on each 96-well assay plate. These QC metrics were summarized across the
single and multiple-concentration hNIS RAIU screening assays (Table S3) and displayed
excellent assay reproducibility and robustness. For example, the plate-wise Z’ scores for
the RAIU assay were consistently above 0.59 and averaged 0.78 and 0.84 in single- and
multiple-concentration screening, respectively. The ACgos and small standard deviations (<
0.17 logM) for sodium perchlorate, as well as the responses of additional controls, including
DMSO, NaSCN, NaNOg, and 2,4-D, further demonstrate the high degree of accuracy

and low variability across the assays (Table S4). In addition, 5 chemicals —triclosan,
mancozeb, azoxystrobin, perfluorooctanesulfonic acid (PFOS), and bisphenol A (BPA) —
were internally replicated in the test library to evaluate intra-assay reproducibility and
demonstrated good consistency between different samples (Fig. S1).

The elk chemical library (809 samples, 804 unique compounds) was first tested in the
RAIU assay at a single concentration of 1x1074 M. A subset of 214 samples (26.5%)
inhibited =20% RAIU and were further subjected to multiple-concentration testing (Fig.
S2). Subsequently, 146 samples produced significant RAIU inhibition, and 57 of these
samples (55 unique chemicals) produced non-cytotoxic RAIU inhibition at one or more
concentrations. The quantitative chemical ranking approach was applied to these chemicals,
producing ranking scores ranging from —74.3 to 168.6 (Fig. 1A) relative to the ranking score
(200) of positive control, NaClO4. Most of the positive chemicals produced relatively weak
RAIU inhibition as only five chemicals displayed ranking scores >100. The dose-responses
for the top 16 ranked chemicals, including the NaClOy, reference control and duplicates of
PFAS, are shown in Fig.1B; additional dose-response curves for other test compounds are
provided in Sl File 1. A summary of all results, including potencies and ranking scores, are
included in Table S1.

3.2 Secondary FRTL-5 assay

The top 10 ranked samples (include 2 PFOS samples) were further evaluated by secondary
testing in the FRTL-5 based assay. Since five of these chemicals overlapped with our
previously reported FRTL-5 study (Buckalew et al. 2020), results for the remaining 4
untested chemicals are shown in Fig. S3.

For 1,2-Ethanediamine dihydroiodide, FD&C Red 3, and N-Phenyl-1-naphthylamine, the
FRTL-5 cell line produced similar dose responses, with a slightly higher level of iodide
uptake inhibition than the hNIS-HEK293T-EPA cell line. The inhibition activity by 1,2-
Ethanediamine dihydroiodide was expected, as this compound contains free I-. FD&C red
3 is known to promote thyroid tumor (Jennings et al. 1990) and was active in both NIS
inhibition assays. However, since the FD&C red 3 molecule contains iodine, the observed
inhibition activity could be due to iodine contamination in the sample and warrant further
study. An oxidation product of chlorfenapyr (CL 303268) acts as a mitochondria uncoupler
(N’Guessan et al. 2007; U.S.EPA 2003), which may explain the atypical dose-response in
the hNIS cell line similar to our previous findings for other mitochondria disruptors such
as rotenone (Wang et al. 2018). However, when tested using the FRTL-5 based RAIU,
chlorfenapyr showed a quite different dose-response and higher absEC50 than observed for
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the hNIS cell line. This finding was consistent with NIS RAIU screening results observed
for other mitochondria inhibitors in our previous FRTL-5 study (Buckalew et al. 2020).

3.3 Chemical landscape of Phll vs. elk

The currently studied elk library was compared to the previously studied Phil library

based on both chemical usage categories and differential distribution of ToxPrint features.
A general overview of the chemical categories within the Hit2 subsets of the Phll and elk
libraries, respectively, are represented in Fig. 2, with chemical counts in each inventory and
their respective Hit2 subsets, within each category, listed in Table S5. Figure 2 provides a
visual comparison of density of usage types within the Phll versus the elk Hit2 inventories,
highlighting the fact that a chemical may often, and by design, appear on multiple usage
lists. Table S5 (Cols. 2,3) compares total counts of Phll chemicals versus elk chemicals
within each usage category. The ratio of the two totals (Col. 4), adjusted by the different
sizes of the inventories (i.e., 1028 versus 743), indicates that the elk inventory contains

a higher proportion of Pesticidal Inerts, FDA_GRAS chemicals (Generally Regarded as
Safe, https://lwww.fda.gov/food/food-ingredients-packaging/generally-recognized-safe-gras),
and chemicals to be evaluated for endocrine disruption (e.g., under the U.S. EPA’s

EDSP21 program, https://www.epa.gov/chemical-research/endocrine-disruption-screening-
program-21st-century-edsp21), than the previously tested Phll inventory. In addition, elk
contains a lower proportion of Pesticides, Pharmaceuticals, and known toxicants in U.S.
EPA’s Integrated Risk Information System inventory (IRIS, https://www.epa.gov/iris), and
U.S. EPA’s ToxRef animal toxicity database (Watford et al. 2019) (https://cfpub.epa.gov/si/
si_public_record_Report.cfm?Lab=NCCT&dirEntryld=227139). These observations reflect
the selection drivers for the Phll and elk inventories designed to increase chemical diversity
and coverage (Richard et al., 2016), and they foreshadow quantitative chemical feature
profile differences between the two inventories.

The remaining columns (5-8) in Table S5 indicate the corresponding usage list chemical
counts in the smaller NIS inhibition activity, Hit2 subspaces of the Phll and elk inventories.
Here we see a slightly different picture. The ratios of elk-Hit2 counts versus Phll-Hit2
counts in each usage list, adjusted by the different sizes of the Hit2 totals in the two
inventories (49 versus 63), largely parallel the adjusted ratios of the total numbers of Phll
and elk chemicals for pesticides, personal care products, industrial, and known toxicants
(IRIS and TOXREF). However, the elk Hit2 space contains a significantly larger proportion
of Pharmaceutical, Pesticidal Inert, FDA_GRAS and EDSP21 chemicals than the Phil Hit2
space, even when totals are adjusted for differences in the sizes in the two Hit2 inventories.
Again, these differences are likely to be reflected in chemical feature profiles and CT
enrichments in the Hit2 space when elk chemicals are included. Finally, the last column

in Table S5 indicates the total percentage of Hit2 actives (combining Phll+elk Hit2 sets)

in each of the usage lists above the baseline percentage of Phll+elk totals in each usage
list. Overall, we see a higher concentration of pesticides (139%), personal care products
(133%), and known toxicants (IR1S-126% and TOXREF-120%) in the NIS inhibition Hit2
actives than in the overall Phll+elk inventory, and a significantly smaller percentage of
FDA_GRAS chemicals in the Hit2 set relative to the total inventory (37%).

Arch Toxicol. Author manuscript; available in PMC 2022 May 18.


https://www.fda.gov/food/food-ingredients-packaging/generally-recognized-safe-gras
https://www.epa.gov/chemical-research/endocrine-disruption-screening-program-21st-century-edsp21
https://www.epa.gov/chemical-research/endocrine-disruption-screening-program-21st-century-edsp21
https://www.epa.gov/iris
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NCCT&dirEntryId=227139
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NCCT&dirEntryId=227139

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Wang et al.

Page 8

Figure S4 compares the feature profiles of the elk versus the Phll inventory for a subset

of ToxPrint features found to be enriched in one or more of the NIS Hitl or Hit2 active
spaces of Phll or Phll+elk. There are several ToxPrints in the elk inventory that contribute
a similar number of chemicals as the Phll inventory to the total (e.g., bond_C#N _nitrile),
expanding the coverage of that local chemical space to possibly increase the chances of
detecting a structure-activity signal. We also see several examples of enriched ToxPrints that
are highly represented in the Phll inventory and poorly represented in the elk inventory,
including several alkyl halide features; hence, these features will predict few NIS actives in
the elk set.

3.4 Predicting elk actives using previously enriched Phll chemotypes

Previously, we reported sets of statistically enriched chemotypes for the Hitl (without
cytotoxicity filtering) and Hit2 (with cytotoxicity filtering) NIS actives in the Phil dataset.
Having expanded the NIS test set to include a broad diversity of new e1lk chemicals, it
was of interest to initially determine how well those Phll-enriched CTs would prospectively
predict the newly identified Hitl and Hit2 NIS actives in the elk dataset. Subsequently,
we rederived the enriched CTs for the full Phll+elk Hitl and Hit2 datasets and compared
the results to those obtained previously. CT enrichment results for the combined Phll+elk
inventory Hitl dataset is provided in Table S6; corresponding results for the Hit2 dataset
are provided in Table 2 below. The full ToxPrint fingerprint table for the Phll_e1k set of
1771 total structures is provided in Table S7. Phll CT enrichment results were previously
published in Wang et al., 2019.

Figure 3 presents a series of paired pie charts illustrating results for the Hitl (left side of
figure) and Hit2 (right side of figure) datasets for the following: enriched CTs derived from
the PhIl datasets used to predict the NIS actives in the Phll datasets (top series of figures);
enriched CTs derived from the Phil datasets used to predict the NIS actives in the elk
datasets (middle series of figures); and enriched CTs derived from the Phll+elk datasets
used to predict the NIS actives in the Phll+elk datasets (bottom series of figures). The
concept of enrichment is conveyed in each of the 6 pairs of plots by the increased proportion
of actives in the enriched CT subspace relative to full test set (orange wedges on the right
panel for Hitl, light green wedges on the left panel for Hit2). Overall, both the smallest
(1:2.2 for Hitl) and largest (1:13 for Hit2) CT enrichments are seen for the Phll results in
the top panel. This pair of results implied a significant amplification of structure-activity
signal in the cytotoxicity-filtered Hit2 actives relative to the Hitl results, which provided
independent support for cytotoxicity filtering step. Not surprisingly, we see a degradation
of overall CT-enrichment performance using the Phll-derived CT enrichments to predict
NIS actives within the elk Hitl and Hit2 datasets, although some predictivity remains. This
result was largely anticipated from the differences in CT feature profiles seen in Figure S4
for the elk versus the Phll chemical inventories, indicating that the Phll-enriched CTs would
likely have limited predictivity for some features poorly represented in the elk dataset. The
bottom set of pie charts shows the improved performance of the newly derived set of CT
enrichments for the combined Phll+elk dataset when applied to predicting Phil+elk Hitl
and Hit2 NIS actives. Although the overall predictivity of the enriched CTs in the Phll+elk
Hit2 NIS active space is less than what was observed for the original Phll Hit2 dataset,
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the level of enrichment is still significant (1:9.3), particularly considering that the addition

of the elk library expanded the size and chemical diversity of the test set. These results
provide a high-level summary view of the CT enrichments predicting Hitl and Hit2 NIS
actives. However, questions such as the following require a more detailed survey of the
CT-enrichment results: which enriched CTs from the original Phll study were also enriched
in the Phll+elk NIS actives, which Phll-enriched CTs were no longer enriched in the
Phll+elk NIS actives, and what newly enriched CTs arose from the elk expansion of the test
set?

3.5 Comparison of enriched chemotypes in Phll versus Phll+elk

Figure 4 presents a comparison of the enriched CTs for the Phll Hitl dataset versus the
enriched CTs for the expanded Phll+elk dataset; Figure S5 presents the same comparison
for the corresponding Hit2 datasets. Several features of Figure 4 are noteworthy: 1) the total
number of enriched CTs increased significantly, from 30 to 40 in going from the Phll Hitl
dataset to the expanded Phll+elk Hitl dataset; 2) the majority of the enriched CTs in the
Phll Hitl dataset, i.e., 25/30, not only persisted as enriched in the larger Phll+elk dataset,
but most of these CTs increased in statistical significance, with relatively few (5/30, top
middle section of Figure 4) dropping out; and 3) 10 newly enriched CTs were detected

in the Phll+elk dataset (bottom right of Figure 4). Most of these observations are the

result of the increased size and local CT coverage of the Phll+elk dataset relative to Phll,
with a corresponding increase in the number of NIS Hitl actives (400 vs. 273). Each of
these factors could make detection of structure-activity signals more likely within local CT
regions of chemical space; however, this would not necessarily be the case unless there

are predictive structure-activity relationship (SAR) signals to be found in the assay results.
The increased significance of the 25 persistently enriched CTs, represented in 54% of the
Hit1 actives (see Figure 4, bottom left charts) makes a strong case for truly predictive SAR
signals in the dataset. The Hit2 results in Figure S5 largely mirror the trends in the Hitl
results in Figure 4, with some differences. Reflecting the smaller proportion of NIS Hit2
actives overall within the Phll and Phll+elk datasets (63 and 112, respectively), the number
of enriched CTs, 25 in each case, is correspondingly smaller in the Hit2 datasets. Once
again, however, the majority of the enriched CTs identified in the Phll Hit2 dataset persisted
into the Phll+elk Hit2 dataset and, in most cases, also increased in statistical significance,
with relatively few (5) newly enriched CTs identified. These results provide strong evidence
of consistently predictive SAR signals within the NIS Hit2 dataset.

3.6 Comparison of Hitl and Hit2 enriched CTs and role of cytotoxicity

Having examined the changes in overall Hitl and Hit2 enriched CT profiles as the dataset
expanded from Phll to Phll+elk, we now compare the enriched CT profiles for Hitl and
Hit2 datasets. As the difference between the Hit2 and Hitl dataset was the incorporation of
a cytotoxicity filter (based on a cell viability assay conducted in parallel with our RAIU NIS
screening) for determining positives, we hypothesized that enriched chemotypes that were
only present in the Hitl but not in Hit2 groups likely represented chemical signals related

to cytotoxicity. To independently test this hypothesis, additional CT enrichment analyses
were performed using the results from a suite of cytotoxicity “burst™ assays in the ToxCast
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database (Judson et al. 2016). These cytotoxicity-specific CTs were then compared to the
Hitl and Hit2 enriched CTs.

Figure 5 presents a comparison of the enriched CT profiles for Hitl and Hit2 activity
datasets associated with the Phll+elk inventory. The figure is divided into three sections

to highlight enriched CTs shared between the Hitl and Hit2 activity datasets (far left),
enriched CTs that only appear in association with the Hit2 dataset (middle section), and
enriched CTs only associated with the Hitl dataset (right section). Height of the bars in

this figure represent the Fisher’s Exact p-value significance (-log10) of each ToxPrint within
the respective dataset, and enriched CTs within each subsection are sorted (high to low)

by this p-value first for the Hitl results, and secondly for the Hit2 results. We observe that
nearly half of the enriched CTs associated with the cytotoxicity-filtered Hit2 dataset also
appear in the Hitl dataset, highlighting consistency and insensitivity to cytotoxicity in this
portion of the CT structure-activity signal. In contrast, the last section of the plot, to the
right, shows a significant number of Hit1-only enriched CTs, i.e., 33 chemotypes eliminated
in the Hit2 set because of within-assay cytotoxicity filtering of the NIS RAIU screening
results. Finally, superimposed on the plot are a set of 19 independently determined CTs
(constant-height blue bars) found to be enriched in a series of ToxCast assays identified
with cytotoxicity (Judson et al. 2016). All but one of these ToxCast cytotoxicity associated
CTs fall in the Hit1-only portion of the plot, and the single exception is a weakly enriched
Hit2-CT (atom:element_metal_transistion_metal, TP=3, CT-Tot=10). These findings provide
independent CT enrichment support for the NIS cytotoxicity filtering step used in this

study in relation to structure-activity signals seen across a variety of cytotoxicity-associated
ToxCast assays.

3.7 Phll+elk enriched CTs and associated chemicals for NIS Hit2 dataset

The above CT profiling comparisons and overviews were intended to highlight global trends
and consistencies within the Hitl and Hit2 enrichment results for both the Phil and Phil+elk
datasets. Here, we provide an example that further explores the CT enrichment results and
structure-activity patterns at the chemical level. Table 2 provides a listing of the 23 enriched
CTs for the final Hit2 dataset, with their associated enrichment statistics (the corresponding
results for the Hitl Phll+elk dataset are in Table S6). The last column lists the total number
of ToxCast assays (out of nearly 500 unique assays with enrichments) also found to be
enriched for the same ToxPrint CT. This number provides a gross indicator of specificity

or promiscuity of the particular CT-assay association. Results in Table 2 indicate that the
majority of enriched CTs in the Phll+elk NIS Hit2 dataset are of the “bond:CX_halide_...”
type (14/23), indicating a requirement for a halide atom (i.e., Cl, Br, 1) to be bonded to

the indicated scaffold, ranging from a biphenyl ether (Txp_183, 184) to a variety of alkyl,
alkenyl, aromatic and alkyl-aromatic substructures (TxP_153, 154).

As an example of further exploration of activity patterns within a particular enriched CT
subset of chemicals, we focused on the enriched CT, Txp_184 (bond:CX_halide_aromatic-
X_ether_aromatic_(Ph-O-Ph)_generic). Table 3 provides a listing of the 14 chemicals
containing the enriched CT Txp_184 with Hitl and Hit2 activity status indicated. It is
worthy of note that two of the actives (3,5,3’-Triiodothyronine and Tiratricol) and one

Arch Toxicol. Author manuscript; available in PMC 2022 May 18.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Wang et al.

Page 11

of the inactives (Tetrac) in this enriched NIS activity space have documented indication

of thyroid-related activity (Horn et al. 2013). Though due to the iodide content in their
molecular structure, activities found for 3,5,3’-Triiodothyronine and Tiratricol warrant
further investigation to rule out interference by iodide originated from either chemical
contamination or metabolism. Figure 6 provides images of these 14 chemical structures,
with the Txp_184 substructural feature highlighted. The reasons for the inactivity of the four
inactives, particularly that of Tetrac, are currently unknown, but could warrant follow-up
investigations.

The last column entry for Txp_184 in Table 2 indicates that this CT was also found to be
significantly enriched (applying the same CTEW and statistical thresholds as this study) in
109 ToxCast/Tox21 assays. These results offer an opportunity to explore possible biological
associations of the NIS assay to other ToxCast/Tox21 assays, through the common CT-
enrichments, within the local CT subspace. The full list of ToxCast/Tox21 assay enrichments
for Txp_184 is provided in Table S8, ordered by statistical significance (Odds ratio and
P-value). Among the top 18 assays were 5 Tox21 assay endpoints associated with the
TSHR (thyroid stimulating hormone receptor) whose active spaces were also significantly
enriched for Txp_184 (Table 4). The significance of these findings is further supported

by the relatively low overall hit rates, less than 5%, for each of the 5 assays. Whereas

the two “TSHR_wt” (wild type) assays are primarily designed to provide a background
control, the Agonist and Antagonist endpoints are potentially more informative of shared
structure-activity signal within the Txp_184 CT subspace. This is particularly true of the
“TSHR_Antagonist_ratio” assay endpoint given the hit rate (4.4%), which is indicative

of assay sensitivity exceeding the mean of ToxCast assays overall. The chemotype-based
connection between the NIS and TSHR assay results can help generate hypotheses for
potential mechanistic overlap, including the contribution of intracellular signaling to the
measure of receptor response.

4. Conclusion

This study screened a total of 804 unique ToxCast elk substances for RAIU inhibition

and identified 55 chemicals that actively inhibited RAIU without cytotoxicity. Most of the
active chemicals had weak RAIU inhibition, but five chemicals demonstrated moderate to
very active inhibition and scored within a factor of 2 of the sodium perchlorate in the
cytotoxicity-adjusted potency ranking. A subset of 4 top-ranked chemicals were confirmed
using the supplemental FRTL-5 based RAIU assay. With a standardized protocol, RAIU
assays performed with expected high reproducibility and reliability, generating comparable
data for the elk library, which completes the screening of ToxCast library for NIS inhibition.

We previously applied a chemotype enrichment workflow to explore structure-activity
associations within the NIS Phll Hitl and Hit2 datasets. Expanded NIS screening of the
elk library provided us with a unique opportunity to examine the prospective predictivity
of the Phil results on the elk library, as well to monitor changes in the CT enrichment
profile with the addition of the elk chemicals. Given the differences seen in the usage list
representations and chemical feature profiles of the elk versus the Phll chemical space,
we anticipated that CT enrichments for the expanded Phll+elk NIS datasets would also
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be impacted. Despite this, a majority of enriched Hitl and Hit2 chemotypes identified
previously remained enriched after the library expansion from Phll to Phll+elk. This
constitutes independent validation of their significance and potential screening utility. In
addition, CTs specifically associated with cytotoxicity activity, both in this study and in
cytotoxicity assays independently run in ToxCast/Tox21, were identified that could help
explain differences in Hitl and Hit2 results, as well as further support the validity of the
parallel cell viability assay as an integral part of the screening protocol. Finally, we provided
an example to illustrate how the CT enrichment results lend themselves to further exploring
structure-activity and assay-to-assay associations within a local enriched CT subspace. The
NIS Hitl and Hit2 results generated for the Phll and subsequent elk inventories, which are
summarized in this study, provide modelers with validated assay information pertaining to
inhibition of a key biochemical step required for normal thyroid function for a structurally
(and presumably, mechanistically) diverse chemical library. It is precisely this chemical
diversity, however, that presents challenges to traditional structure-activity approaches that
would attempt to generate a global prediction model, i.e. an SAR model that could be
broadly used to screen new or existing chemicals for NIS activity. The CT enrichment
approach, in contrast, attempts to find stable, structure-activity signals that are amplified
within local chemical regions over-represented in the active space. These signals, in turn,
can be chemically rationalized and compared to other assay enrichment signals within the
same CT region of chemical space to generate hypotheses and build weight-of-evidence
arguments for testing prioritization or hazard concern. In practice, this means elevating a
level of concern for untested chemicals containing one or more of the indicated enriched
CTs and examining the data within the local CT region. This data mining approach,
utilizing the publicly available ToxPrints and standard statistical thresholds, is chemically
intuitive and easy to apply, visualize and rationalize, unlike many modern computational
SAR models, lending itself to use by regulators and non-chemists.

The NIS assay results and CT enrichment results presented herein for the combined
Phll+elk library of approximately 1800 chemicals, spanning many chemicals of biological
interest and environmental concern, provide a valuable resource for future research
investigations, as well as chart a useful path forward for improving understanding of the
local structure-activity determinants and mechanisms potentially impacting thyroid function.
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Figure 1.
(A). Ranking scores for the 146 chemical samples that produced significant

RAIU inhibition

in multiple-concentration screening. The 57 chemical samples that produced significant
RAIU inhibition without any significant cytotoxicity at one or more concentrations
are shown in blue. The 15 top-ranked samples are highlighted in the pink rectangle.
(B). Dose-response curves for reference chemical, NaClO,4 and top-ranked 15 chemical
samples. Individual data points for chemical concentrations represent results from three

independent biological replicates. Dose-response curves were fit only when

significant

inhibition occurred. Red circles and line represent cell viability; blue triangles and line

represent RAIU. PFOS was tested in duplicate samples and both graphs are
demonstrate assay replication. RS: ranking score.
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Figure 2.
Incidence of Hit2 chemicals (each column) across 9 inventory lists in Phll compared

to elk, where individual chemicals can be assigned to multiple lists. See Table

S2 for chemical-list assignments: UseDB lists extracted from U.S. EPA’s CPDat

database (https://www.epa.gov/chemical-research/chemical-and-products-database-cpdat);
FDA GRAS: Generally Recognized as Safe chemicals (https://www.fda.gov/food/food-
ingredients-packaging/generally-recognized-safe-gras); DSSTox lists (EDSP21, IRISTR and
TOXREF) for the EDSP21 program (https://www.epa.gov/endocrine-disruption/endocrine-
disruptor-screening-program-edsp-21st-century), U.S. EPA’s Integrated Risk Information
System (https://www.epa.gov/iris), and U.S. EPA’s ToxRef animal toxicity database (https://
cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NCCT&dirEntryld=227139).
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Paired pie charts illustrating chemotype (CT) enrichment in the active hit-call subspace
for each test inventory, with Hitl results shown in the left side of the figure (orange

active subsections) and Hit2 results in the right side of the figure (light green active
subsections): top row of charts report previously published Phll CT enrichment results
(Wang et al., 2019); the middle row of charts used Phll-enriched CTs to predict activity in
the corresponding elk test sets (Hit1 and Hit2); the bottom row of charts show predictions
resulting from enriched CTs derived for the combined Phll+elk datasets. The ratios shown
in the center of each paired pie chart indicates the degree of CT enrichment in the active
hit-call space, ranging from a low of 1:2.2 (27%-59%, Phll_Hit1) to a high of 1:13 (6%

~78%, Phll_Hit2).

Arch Toxicol. Author manuscript; available in PMC 2022 May 18.



1duosnuel Joyiny vd3 1duosnue Joyiny vd3

1duosnue Joyiny vd3

Wang et al. Page 19

CT Enrichments (NIS-Hit1)

40

30 i
E 20
(=5

b AR BRI

6 Overlapping Enriched CTs

Phil+elk

=

60

50

4

° ||||\ |

. Il II
D v

@ ¢ ,z,\ ¢ © 2D N ¢ & .0
& \\ «\ ¢¢ \\é\@é’,}-«_é,\&&,} n/;ié#*\\

%
%
<o,
5,
[
% %04
("

Figure 4.
Comparison of enriched chemotype profiles for Phil Hitl vs. Phll+elk Hitl, where CT-Tot

(blue bars) represents the total number of chemicals in each respective chemical test set
that contained the ToxPrint CT listed, and TP (True Positive, orange bars) is the number of
chemicals designated as Hitl actives. The ToxPrints on the X-axis are ordered from left to
right by p-value significance within the 3 subgroups: Overlapping enriched CTs, Phll-only
enriched CTs, and Newly enriched (Phll+elk-only CTs).
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Figure 5.

Comparison of enriched CTs for the combined Phll+elk Hitl and Phll+elk Hit2 datasets,

with overlapping Hitl and Hit2 CTs shown in the far left of the plot (11 total), Hit2-only
CTs in the center section (12 total), and Hit1-only CTs in the right section (33 total);

the height of the green bars are proportional to -log(10) of the p-value significance (i.e.,
the taller the bar, the more significant the CT enrichment). The constant height blue bars
indicate CTs found to be independently enriched in a set of ToxCast cytotoxicity assays
previously used in calculation of a ToxCast cytotoxicity “burst” filter (Judson et al. 2016).
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Figure 6.

14

Images of the 14 Phll+elk structures containing ToxPrint chemotype (Txp_184),

bond:CX_halide_aromatic-X_ether_aromatic_(Ph-O-Ph) generic, labeled by CAS RN and
with NIS Hitl and Hit2 activity status indicated; images were generated using the publicly
available Chemotyper, available at https://chemotyper.org/.
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