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Abstract

Chemically-induced vascular toxicity during embryonic development may cause a wide range of
adverse effects. To identify putative vascular disrupting chemicals (pVVDCs), a predictive p\VDC
signature was constructed from 124 U.S. EPA ToxCast high-throughput screening (HTS) assays
and used to rank 1060 chemicals for their potential to disrupt vascular development. Thirty-seven
compounds were selected for targeted testing in transgenic Tg(kdrl:EGFP) and Tg(flil:EGFP)
zebrafish embryos to identify chemicals that impair developmental angiogenesis. We hypothesized
that zebrafish angiogenesis toxicity data would correlate with human cell-based and cell-free in
vitro HTS ToxCast data. Univariate statistical associations used to filter HTS data based on
correlations with zebrafish angiogenic inhibition /n vivo revealed 132 total significant associations,
33 of which were already captured in the pVVDC signature, and 689 non-significant assay
associations. Correlated assays were enriched in cytokine and extracellular matrix pathways.
Taken together, the findings indicate the utility of zebrafish assays to evaluate an HTS-based
predictive toxicity signature and also provide an experimental basis for expansion of the pvVDC
signature with novel HTS assays.
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Introduction

The cardiovascular system is the first functional organ system to develop in the mammalian
embryo [1]. Because vascular development is sensitive to drug or chemical perturbation [2;
3; 4] and is a potential mechanism of teratogenesis [5], screening for vascular toxicity
provides information relevant to the developmental toxicity profile of environmental
chemicals. Despite these observations, data concerning chemical-target interactions
underlying developmental vascular toxicity is limited. Previous studies have explored this
issue utilizing experimental and computational models based on /in vitro data from high-
throughput screening (HTS) assays [2; 6; 7; 8; 9]. A multi-tiered approach, involving the
integration of /in vitro data with /n sifico models and /n vivo apical endpoints is necessary to
build insight into how chemical disruption of vascular development might ultimately lead to
adverse outcomes.

A predictive signature of developmental vascular toxicity, termed the pVDC signature, was
used to characterize the ToxCast chemical inventory based on a subset of human in vitro
HTS assays that measure various endpoints in vasculogenesis or angiogenesis [7; 8]. This
approach was based on an adverse outcome pathway (AOP) for vascular toxicity during
development and enables ranking of 1060 ToxCast chemicals from high to low by their
predicted potential to disrupt vascular development in a human system. Although this
approach has utility in prioritizing chemicals for developmental toxicity evaluation, there are
a number of caveats. First, /n vitro and biochemical assays lack in vivo complexity including
absorption, distribution, metabolism, and elimination that collectively influence
toxicokinetics and systemic factors, like blood flow/shear stress during vascular
development and patterning [10; 11]. Second, the signature was constrained by assay
availability and, as a consequence, lacked key biological information like canonical Wnt
[12], non-canonical Wnt [13], semaphorin/plexin [14], and BMP [15] pathways that invoke
developmental angiogenesis. Third, some HTS data are derived from cell types not
particularly relevant to endothelial cell specification and patterning during embryonic
vascular development. Lastly, the database used to build the relevant gene list included in the
predictive signature provides information on vascular-related or associated defects following
functional inactivation of gene products in mice [8] and therefore may not capture those
elements where partial loss of function or inappropriate activation results from exposure to
exogenous chemicals.

To evaluate computational toxicology predictions derived from the pVVDC signature, assays
that address abovementioned shortcomings and capture the complexity of developmental
angiogenesis are required. To that end, we deployed multiple angiogenesis assays in
transgenic zebrafish embryos, a transparent vertebrate model with a rapid developmental
profile and substantial genetic homology with humans, including robust conservation of
human drug targets [16; 17]. Using the predictive signature to rank order 1060 ToxCast
chemicals, a subset of p\VVDCs and non-pVVDCs were used to test the hypothesis that
transgenic zebrafish can be used to evaluate and refine a predictive signature of
developmental toxicity derived from human HTS /n vitro data.
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Material and Methods

pVDC Signature Refinement and Chemical Test Set Selection:

The pVDC signature was constructed based on the published Adverse Outcome Pathway
(AOP) for embryonic vascular disruption [6; 7; 8]. The previous iteration of the signature
was expanded to include newly available ToxCast assay data on critical vascular
developmental targets including assays that measure events along the estrogen receptor (ER)
pathway such as binding, dimerization, and transcription that could be relevant to
downstream VEGF production, as well as assays that measure inhibition of proliferation in
human primary vascular (endothelial and smooth muscle) cells. The ToxCast Phase I/11
libraries (1060 unique compounds) were ranked according to their cumulative activity across
124 signature assays and visualized using the Toxicological Prioritization Index (ToxPi) tool
[8; 18; 19]. This approach functions to rank chemicals based on their putative ability to
disrupt blood vessel development. Briefly, the ToxPi score provides a dimensionless index
that combines diverse HTS data sources and allows a formalized, rational integration of
information from the different platforms. Visually, ToxPi is represented as component slices
of a unit circle, with each slice representing information on a particular vascular
developmental target (1-17 assays per slice depending on the target). The slice distance from
the origin is proportional to the normalized value (e.g., assay potency) of the data points
composing that slice, and all slices were set to have equal weight. To normalize the output,
the slice weights were scaled to have a net sum of 1, producing ToxPi scores for every
chemical between 0 and 1, where a score of 1 would indicate the chemical had the highest
possible potency against every assay/target in every slice. The highest ToxPi score for any
ToxCast chemical was 0.498 and the lowest was 0. Compounds with a pVVDC score of 0 are
predicted to be negative for vascular toxicity /n vivo. A test set of 37 compounds with a
broad range of pVDC scores (0-0.461) was selected for targeted testing in zebrafish.

Conservation of pVDC Signature Targets:

Primary amino acid sequences from 30 human (H. sapiens) pVDC signature proteins
corresponding to ToxCast assay targets (Table 1) were compared across species calculating a
percent similarity based on previously published methods [20]. Briefly, the NCBI human
protein accessions were queried using BLASTp (http://www.ncbi.nlm.nih.gov/Blast.cgi. An
E-value cut-off of 0.01 was used to calculate percent similarity. To visualize conservation,
data from primary amino acid (aa) sequence alignments were filtered to report percent
similarity for human, rabbit (O. cuniculus), rat (R. norvegicus), mouse (M. musculus),
chicken (G. gallus), African clawed frog (X. /aevis), Western clawed frog (X. (Silurana)
tropicalis), zebrafish (D. rerig), Japanese medaka (O. /atijpes), rainbow trout (O. mykiss),
roundworm (C. elegans), and water flea (D. pulex). For each signature protein, functional
domain accessions were identified using the NCBI Conserved Domain database (http://
www.nchi.nlm.nih.gov/cdd/; Table 1). The criteria for functional domain selection from the
human primary amino acid sequences were: 1) at least one, but no more than three domains
should be evaluated per target molecule; 2) specific hits (defined by NCBI CDD; E-value <
0.01) were preferred to non-specific hits (E-value > 0.01); and 3) in an effort to avoid
duplication of the primary amino acid sequence comparison, it was desirable to have the
combination of residues from selected functional domains cover <70% of the full sequence.
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Domain-specific sequences were compared using reverse position specific (RPS)-BLAST
[21] and a percent similarity for each domain was calculated across species. Sequence
similarity data were visualized with ToxPis.

Fish care and husbandry:

Transgenic Tg(kdrl:EGFP) and Tg(flil:EGFP) lines were used to visualize and quantify
blood vessel formation during development following chemical exposures.
To(kdrl:EGFP)843 /+ (AB) strain zebrafish (D. rerio) embryos were obtained from the
Zebrafish International Resource Center (ZIRC) and reared and bred in an Association for
Assessment and Accreditation of Laboratory Animals accredited facility at the U.S. EPA
according to approved Institutional Animal Care and Use Committee protocols. Adult fish
were maintained on a 14 h light/10 h dark schedule on a recirculating water system at
28+1°C with a pH of 7.0£0.2. Tg(flil:EGFP)Y! were maintained at University College
Dublin and treated in accordance with institutional ethical approval. Adult fish were
maintained on a 14 h light/10 h dark cycle on a recirculating water system at 28+1°C with a
pH of 7.0+0.3 Mating tanks were set up the day prior to embryo collection using basic
approved breeding protocols specific to each facility.

Chemical Preparation:

For the 37 member chemical test set, chemical samples were procured, diluted in dimethyl
sulfoxide (DMSO) and plated by Evotec at a stock concentration of 20 mM. Analytical QC
methods were applied to the test set and a summary is shown in Supplemental Table S1.

EPA Angiogenesis Toxicity Screen:

Tg(kdrl:EGFP)s843/* (AB) strain embryos were collected at U.S. EPA facilities on day 0 and
bleached at 3—4 hours post fertilization (hpf) [22]. Based on previous methods [9], bleached
embryos were housed in 100 mm Petri dishes at 26°C overnight. At 24 hpf, embryos were
enzymatically or manually dechorionated and statically exposed to test compounds from 26—
72 hours post fertilization (hpf) in glass 96 well plates containing 500 pl of test chemical in
10% Hanks’ balanced salt solution [22] at a final concentration of 0.4% DMSO. Exposures
were initiated by 26 hpf in order to directly precede intersegmental vessel sprouting and
purposefully exclude the initial 24 hpf period to avoid earlier, non-vessel related
teratogenesis. At 72 hpf, embryos were transferred to 96-well plates with 40 um mesh
inserts (Millipore), washed 3X in 10% Hanks’, and visually assessed to identify the lowest
observable effect level (LOEL) for overt toxicity. Preliminary concentration response studies
were performed beginning at 80 pM using semi-log spacing. Subsequent studies began at the
overt toxicity LOEL and used decreasing concentrations at quarter-log spacing to assess
vascular toxicity. Two embryos per concentration per plate were assessed and each exposure
was repeated for a total of four embryos per concentration. Each plate contained fourteen
DMSO control wells and two wells containing the positive control 0.4 uM PTK787 (Selleck
Chem; CAS#: 212141-51-0), a potent inhibitor of vascular endothelial growth factor
receptor 2 (VEGFR2). Vascular defects in positive controls and normal vascular morphology
in >85% of negative controls were required for plate inclusion in the study. At 72 hpf,
embryos were washed, visually assessed, then anesthetized in 600 uM Eugenol and imaged
on a Nikon Eclipse Ti fluorescence microscope with a Photometrix Coolsnap camera at 4X
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magnification using a GFP 525/50 filter with a 3.5 s exposure. Specifically, intersegmental
vessel (ISV), caudal vein (CV), sub-intestinal vessel (SIV), yolk vessel, and eye (E) vessel
structures were assessed. To confirm findings, hits and a subset of negatives were rescreened
and images were collected using a Nikon A1l laser scanning confocal microscope (n=2
embryos/concentration; 6 concentrations/chemical with semi-log spacing). Image stacks
with a 20 um step size were collected of specimens illuminated with 488 nm laser excitation
and a 525/50 emission filter. Maximum intensity projections were created from the stacks,
rotated to common alignment, and image histograms were adjusted as appropriate.

UCD Hyaloid Vessel (HV) Toxicity Screen:

The effect of the test set on ocular blood vessel development was assessed in a previously
reported zebrafish larval hyaloid vasculature screen [23]. Five, 48 hpf Tg(flil: EGFP)
embryos were placed in wells of a 48-well plate containing test chemicals in 400 ul of
embryo medium [22]. For the primary screen, the 37 member test set was screened at 10 pM
and 80 uM. Chemicals that were overtly toxic at 10 pM and/or 80 uM were rescreened at
reduced concentrations until LOELSs were obtained. Positive compounds and a subset of
negatives were rescreened at five concentrations starting at the LOEL for overt toxicity using
quarter-log spacing. All stock solutions were prepared in <0.4% DMSO. Larvae were
incubated at 28°C with DMSO vehicle or the test compound until 120 hpf, when larvae were
euthanized, fixed in 4% paraformaldehyde overnight at 4°C, then washed three times in 1X
PBS. One eye from each larva was enucleated and the lens was dissected and imaged using
an Olympus SZX16 fluorescent microscope. Each lens was scored based on the number of
GFP positive HVs extending from the optic disk. Concentration-response experiments were
performed a minimum of three times. A one-way analysis of variance with a Bonferroni’s
Multiple Comparison Test was used to determine significance (p < 0.05).

Univariate Analysis:

To identify univariate (assay to endpoint) statistical associations, results from individual
ToxCast /n vitro assays were analyzed for their association with the /n vivo zebrafish
vascular toxicity compound screening results based on previously published methods [24;
25]. Briefly, the log ACsgq values for each of the 821 /n vitro HTS assays were compared
with zebrafish toxicity results (EPA or UCD platforms). Additional zebrafish angiogenic
toxicity from McCollum et al. was also used in the analysis [26]. Results were evaluated
using continuous (Student’s £test and Pearson’s correlation test) and dichotomous (chi-
squared test) statistical methodology, with the level of significance returned as p values. For
each assay, the t- test compares the mean log ACsgq values for each of the two chemical
groups (positive vs. negative), and the correlation test looks at the differences between the
distributions of log ACsq values for each of the two groups. The dichotomous chi-squared
test used a 2x2 contingency table to compare positive/negative /n vitro assay results
(existence of an ACsq value) with /in vivo positive/negative developmental toxicity across
chemicals. /n vitro assays significantly associated with zebrafish angiogenic developmental
toxicity (minimum p value of 0.05 from any method, =3 true positives) were retained.
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Constructing a pVDC signature for developmental vascular toxicity.

A predictive signature for embryonic vascular disruption was developed that coarsely
includes four molecular signaling pathways (angiogenic signaling, ECM remodeling, vessel
stabilization and cytokine signaling) that, when perturbed singularly or in combination, may
disrupt developmental angiogenesis [7; 8]. This approach was used to group ToxCast
chemicals by their /in vitro bioactivity profiles to identify signatures that may correlate with
in vivo vascular toxicity. Here, we expanded the predictive signature to include four primary
cell proliferation assays and newly available data on previously included signature targets
(Supplemental Table S2). /n vitro ToxCast data on 124 assays mapping to 30 molecular
targets in the predictive signature (Supplemental Table S3) was visualized using a ToxPi
organized by pathway into cytokine signaling (red hues), vessel stabilization (purple hues),
angiogenic signaling (blue hues), and ECM remodeling (green hues) sectors (Figure 1A).
ToxPi profiles for the ToxCast Library (Supplemental Figure S1) and the test set selected for
model evaluation (Figure 1B) are shown.

Sequence similarity of the vascular toxicity predictive signature across model organisms.

The same 30 molecular targets in the p\VDC signature were evaluated for protein sequence
conservation compared to human, across commonly used model organisms, including
zebrafish. Percent similarity for the entire primary amino acid sequence (Supplemental
Figure S2 and Supplemental Table S4) and for key functional domains (Table 1, Figure 2B,
and Supplemental Table S5) were used to evaluate signature conservation across model
organisms. Zebrafish display high sequence similarity among proteins involved in the
angiogenic and vessel remodeling pathways as compared to the ECM and cytokine
pathways, demonstrated by the lack of identifiable orthologous zebrafish proteins
representing IL1a and uPA and its receptor uPAR.

Identification of developmental angiogenesis inhibitors in zebrafish.

To identify angiogenic inhibitors, two zebrafish assays were used to evaluate different vessel
structures during embryogenesis (Figure 3A). First, the pVDC test set was assessed in
Tg(kdrl:EGFP) embryos exposed to test chemicals from 26—72 hpf and assessed for
abnormal angiogenic development at 72 hpf (Figure 3A and [9]). In comparison to vehicle
control larvae (Figure 3B), seven positives were identified: 1-hydroxypyrene and haloperidol
(Figure 3C) and disulfiram, fluazinam, pyridaben, tert-butylhydroquinone, and triclocarban
(Supplemental Figure S3). The remaining 30 test set compounds did not induce observable
angiogenic inhibition in the absence of overt malformations, including bisphenol A and the
thalidomide analog 5-HPP33 (Figure 3C). The seven active compounds affected multiple
HTS targets in the predictive signature, with pVVDC scores ranging from 0.145 to 0.434
(Table 2). Preliminary range-finding experiments revealed that all seven positive compounds
produced overt embryotoxicity at higher concentrations (Figure 3C and Supplemental Figure
S3). In addition, exposure to 50% (15/30) of the negatives also caused overt embryotoxicity
demonstrating that the compound was transported into the embryo at sufficient
concentrations to perturb development or viability.
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An independent zebrafish hyaloid angiogenesis assay was also used to evaluate ocular
angiogenesis following exposure to the chemical test set (Figure 3A, Figure 4A, and
Supplemental Figure S4). Tg(flil:EGFP) zebrafish embryos were exposed to the chemical
test set from 48 to 120 hpf and assessed at 120 hpf. Two compounds that were identified in
the broad developmental screen were also identified as positives in the hyaloid vessel assay:
1-hydroxypyrene and haloperidol (Figure 4B-C). The hyaloid angiogenesis assay also
identified bisphenol A as a novel positive compound (Figure 4B-C). Taken together,
zebrafish angiogenesis assays identified eight positive and 29 negative compounds (Table 2
and Supplemental Table S6).

Evaluation of the pVDC signature using in vivo developmental angiogenic toxicity.

To determine which of the 124 assays in the pVVDC signature best correlated with angiogenic
inhibition in the zebrafish assays, statistical associations between /n vitro HTS and zebrafish
angiogenesis toxicity data were examined (Figure 5A). Data generated here were combined
with angiogenesis toxicity data from McCollum et al. ([26]; hit calls summarized in
Supplemental Table S6). Hit calls were identical for seven compounds that were tested in the
EPA and UH studies: bisphenol A, imazamox, oxytetracycline dehydrate, perfluorooctane
sulfonic acid, pymetrozine, pyridaben, and triclosan (Supplemental Figure S3 and
Supplemental Table S6). Univariate associations were filtered based on significance,
revealing 132 associated assays, 33 of which were already captured in the pVVDC signature,
and 689 non-significant assays (Figure 5A-B and Supplemental Table S7). We mapped 30 of
the 33 correlative assays to chemokine and ECM pathways (Figure 5C). One assay from the
angiogenic signaling sector (VEGFR?2) was predictive of developmental angiogenesis
toxicity in zebrafish, while two ER assays (vessel remodelling quadrant) were also
significant (Figure 5C). The majority of assays in the pVDC signature (92/124) were not
predictive of angiogenic inhibition in zebrafish.

Novel identification of ToxCast HTS assays correlated with developmental angiogenic
inhibition in zebrafish.

To identify assays that may be informative of vascular toxicity /7 vivo but were not
contained in the initial pVVDC signature, a non a priori test was conducted to mine univariate
associations. HTS assays correlated with angiogenic inhibition in zebrafish were parsed by
ToxCast assay platform (Figure 5D and Supplementary Table S7). The Bioseek platform,
consisting of complex human primary cell culture systems, contained 50% of assays that
were significantly associated with toxicity /n vivo. Transcriptional assays included in the
Attagene and Tox21 assay suites accounted for an additional 46% of significant assays.
ACEA, Odyssey Thera, and the cell-free enzymatic Novascreen assays were generally less
predictive of zebrafish vascular toxicity and collectively contained <10% of significantly
correlated assays. Highly correlated novel HTS assays include an x-box binding protein
transcriptional assay (XbpZl; Figure 5E) and two primary endothelial cell death assays.
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Discussion

Zebrafish screens identified novel angiogenic inhibitors.

The HTS-based pVVDC signature enables hierarchical ranking of 1060 chemicals that
overwhelmingly lack /n vivo developmental toxicity data. To qualify predictions generated
by the pVDC signature, we leveraged two distinct zebrafish-based screening assays and
identified two compounds that produced angiogenic inhibition in both zebrafish platforms at
similar concentrations: 1-hydroxypyrene (1.4 uM vs. 8.8 uM) and haloperidol (1.4 UM vs.
3.1 uM). Another six compounds (bisphenol A, disulfiram, fluazinam, pyridaben, tert-
butylhydroquinone, and triclocarban) were positive in one of the platforms, demonstrating
the added value of testing chemicals with different exposure periods and morphological
endpoints. With the exception of bisphenol A [27], angiogenic inhibition during
development has not been previously associated with exposure to 1-hydroxypyrene,
disulfiram, fluazinam, haloperidol, pyridaben, tert-butylhydroquinone, or triclocarban.

In the case of bisphenol A, structural abnormalities in maternal and fetal placental
vasculature in mice [27] and sub intestinal vessels (SIV) in zebrafish [28], have been
reported. Although we did not observe SIV defects in the present study, significant
reductions in hyaloid vessel number were detected in bisphenol A-exposed zebrafish. All
eight compounds positive for angiogenic inhibition produced overt malformations at higher
concentrations, consistent with results from large-scale chemical screens [29; 30]. This is
also in line with our previous finding that vascular disruption during angiogenesis is
associated with overt toxicity and mortality at higher concentrations or as development
progresses [9] and suggests that overt toxicity in zebrafish may serve as an initial indication
of the likelihood of a chemical to cause angiogenic inhibition at lower concentrations.

Zebrafish angiogenic disruptors produce skeletal malformations in rodent and fish

studies.

Development of the skeletal system is sensitive to inhibitors of angiogenesis like
thalidomide [31]. Exposure to four of eight compounds identified as angiogenic inhibitors in
zebrafish also cause skeletal abnormalities in zebrafish and/or mammals, including
disulfiram, fluazinam, haloperidol, and pyridaben. In developing rats, exposure to the broad
spectrum fungicide fluazinam results in a constellation of skeletal defects, including
incomplete ossification of the intraparietal, pubic, and thoracic bones, and caudal vertebrae
(Studies available in ToxRefDB http://www.epa.gov/ncct/toxcast/data.html). Disulfiram
(Antabuse) is a dithiocarbamate pesticide that is also used to treat chronic alcoholism. In
zebrafish, developmental exposure to disulfiram results in craniofacial defects that involve
dysregulation of sox9a expression [32]. A separate study reported malformations in
zebrafish exposed to disulfiram including cranial, visceral arch, and spinal cord defects, and
decreased ossification [33]. Exposure to the pesticide pyridaben produced incomplete
ossification in the sternebra, thoracic centrum, and supraoccipital structures in a prenatal
developmental toxicity guideline study in rats (ToxRefDB). Finally, the antipsychotic drug
haloperidol was shown to decrease bone density in female rats [34], although this finding
was not confirmed in separate rat study with a different design [35]. Collectively, these data
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identify a possible anti-angiogenic mechanism by which a diverse set of chemicals might
produce skeletal abnormalities /n vivo.

Chemical negatives for angiogenic inhibition.

While the majority of compounds that were positive for angiogenic inhibition /n vivo had
relatively high pVDC scores, a substantial number of highly ranked putative VDCs were not
angiogenic inhibitors in zebrafish. Of particular note, 5SHPP-33, a thalidomide analog that
has potent anti-angiogenic activity in an /n7 vitro human umbilical vein endothelial cell
(HUVEC) assay [36], was negative for angiogenic inhibition in the current study at
concentrations tested up to 80 uM. However, the compound is potent for developmental
toxicity, causing severe malformations in the low micromolar range. A lack of angiogenic
inhibition coupled with embryotoxicity was also noted in a separate zebrafish study
following developmental exposure to 5HPP-33 [26]. These data indicate that SHPP-33 may
be developmentally toxic in zebrafish via mechanisms other than angiogenic inhibition. A
recent publication showed that 5SHPP-33 directly binds tubulin and disrupts microtubule
dynamics during cellular mitosis [37] providing a mechanistic possibility for the widespread
teratogenicity observed in the current study and McCollum et al. [26]. Similar to 5SHPP-33, a
total of 14 of 29 chemicals that were negative for vascular toxicity caused malformations in
zebrafish, including compounds like bisphenol AF, 4-nonylphenol, octyl gallate, and
perfluorooctanesulfonic acid that were highly ranked by the predictive signature. This
suggests that chemical uptake or biotransformations were not limiting factors in mediating
toxicity and these compounds could therefore be classified as negatives in the zebrafish
assays. To classify the remaining compounds that were negative for angiogenic and overt
toxicity, more studies are required to determine whether the nominal concentrations tested
were sufficient to gain entry into the developing organism and whether these compounds
may have effects outside of the exposure window used in the current study. Because
chemical exposures commenced at 26 hpf, the current study design had the potential to
generate false negatives that affect early vascular development including angioblast
differentiation and migration. Further work could be targeted towards understanding the
effects on those processes.

Zebrafish angiogenesis toxicity data can be used to evaluate a human HTS-based pVDC

signature.

We hypothesized that comparisons between the zebrafish and human HTS datasets would
enable qualification of predictions generated by the human-based pVVDC signature using
data generated in zebrafish. The 821 HTS assays were filtered based on univariate
correlations with angiogenic inhibition in vivoto reveal 132 statistically significant
correlations, including inhibition of VEGFR2 expression and endothelial cell proliferation.
A number of significant associations (33/132) were already captured in the 124 assay pVDC
signature. These 33 assays primarily map to the cytokine and ECM signaling pathways,
despite less overall homology of signature proteins between zebrafish and humans relative to
vessel remodeling and angiogenic signaling sector proteins as demonstrated by the lack of
identifiable orthologous zebrafish proteins representing IL1a and uPA and its receptor uPAR.
This suggests that the chemokine and ECM signaling pathways are active and responsive to
xenobiotic disruption in zebrafish. Of the 33 significant pVDC signature assays, 30 were run
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on the Bioseek platform, which is comprised of multiple primary cell cultures. These data
suggest that, relative to non-primary cell HTS assays, data derived from the primary cell
cultures may be more predictive of angiogenic inhibition /n vivo in zebrafish. In a screen of
88 reference compounds in stimulated human primary endothelial cells, thrombomodulin
protein expression was upregulated following exposure to HDAC, Hsp90, IKK2, p38
MAPK, or protease inhibitors [38; 39]. Unique to the thrombomodulin endpoint, none of the
88 reference inhibitors caused a downregulation of thrombomodulin. Similar to these data,
in the current study two thrombomodulin assays were the only “up-regulated” pvVDC
signature assays that were significantly correlated with zebrafish angiogenic inhibition.
Because the thrombomodulin assays are capable of detecting >10% change in
thrombomaodulin expression [38; 39], we propose that these /n vitro assays might be
particularly predictive of angiogenic-specific toxicity in developing zebrafish embryos.

Zebrafish data can be used to mine the ToxCast assay universe for novel associations
predictive of angiogenic inhibition in vivo.

In addition to testing the pVVDC signature, we also hypothesized that comparisons between
the zebrafish and human HTS datasets would generate novel associations that could inform
refinement of the human-based predictive model. Of the 132 HTS assays that were
significantly correlated with zebrafish angiogenic inhibition, 99 were not included in the
most recent iteration of the predictive signature. Overall, primary cell co-cultures comprised
50% of significantly correlated assays. Two of the most highly correlated HTS cell death
assays with vascular toxicity in zebrafish were primary endothelial cell death assays in the
4H and 3C co-culture systems. Because endothelial cell death is related to inhibition of
angiogenesis, we propose to add these assays to future iterations of the pVDC signature.
Another novel association detected by the analyses related to Xbpl. Upregulation of the
Xbp1l transcriptional expression assay was highly correlated with angiogenic inhibition
during development. Post-transcriptional splicing of the xbp/transcript is controlled by
vascular flow and is upstream of canonical Wnt signaling-dependent endothelial cell
proliferation [40; 41]. Both flow/shear stress [10; 11] and Wnt-signaling [12] are known to
control VEGFR2-dependent angiogenesis but were not included in the pVVDC signature
because of a lack of suitable assays. We propose that Xbpl upregulation may serve as a
proxy measurement for flow-mediated patterning and canonical Wnt signaling.

Conclusions.

The zebrafish model contains regional specification of blood vessel networks that are
representative of vascular architecture in higher order vertebrates. This research has filled a
critical need for an integrated /n vivo platform that can identify HTS assays predictive of
angiogenic inhibition /in vivo and thus be used to evaluate a pathway-level model predictive
of developmental vascular toxicity. In addition to supporting model validation, zebrafish data
can refine the pVDC signature by adding novel HTS assays that are highly correlated with /n
vivo angiogenic inhibition.
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Figure 1: An AOP for embryonic vascular disruption.
A predictive toxicity model was generated to group chemicals by their /n vitro bioactivity

profile and look for signatures that correlate with /n vivo toxicity. (A) An AOP for
embryonic vascular disruption was constructed by identifying initial molecular targets that
are linked to developmental angiogenesis and coarsely map to 124/821 human in vitro
ToxCast assays. ToxCast assays (124) mapping to 30 molecules are included in the ToxPi for
putative vascular disrupting compounds (pVDCs). (B) The signature was used to rank order
1060 ToxCast chemicals and a 37 member chemical test set was selected. CASP8 (Caspase
8); CCL2 (chemokine (C-C motif) ligand 2); CXCL9.10 (C-X-C motif chemokine 9 and
10); EPHA1.A2.B1 (Ephrin receptor type Al, A2, and B2); ERa (Estrogen receptor alpha);
FGFR (Fibroblast growth factor receptor); HIF1a (Hypoxia inducible factor 1 alpha); I1L1a.
6.8 (Interleukin 1a, 6, and 8); MMP1.2.9 (Matrix metalloproteinase 1, 2, and 9); NFkB
(Nuclear factor kappa B); PAIL (Plasminogen activator 1); PTEN (Phosphatase and tensin
homolog); PTPN11.12 (Protein tyrosine phosphatase non-receptor type 11 and 12); PTPRB
(Protein tyrosine phosphatase receptor type B); TBXA2 (Thromboxane A2): THBD
(Thrombomodulin); Tie2 (TEK tyrosine kinase); TNFa (Tumor necrosis factor alpha); TGFb
(Transforming growth factor beta); uPA (Urokinase-type plasminogen activator); uPAR
(Urokinase receptor); VEGFR1.2.3 (Vascular endothelial growth factor receptor 1, 2, and 3);
VCAM1 (vascular cell adhesion protein 1); VC_Prolif (Vascular cell proliferation).
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Figure 2: Sequence similarity of the vascular toxicity predictive signature across model
organisms.
SeqAPASS was used to compare amino acid sequence conservation across common model

organisms (relative to human) for each of the 30 molecules represented in the predictive
signature. (A) ToxPi key with each protein represented by a single slice. (B) Percent
similarity comparisons of selected key functional domains are shown. See Supplemental
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Table S4 and Supplemental Figure S2 for percent similarity comparisons across the entire
primary amino acid sequences.
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Figure 3: Developmental angiogenesis toxicity assay.
Dechorionated Tg(kdrl:EGFP) zebrafish embryos were exposed to 37 test chemicals from

26-72 hpf and imaged at 72 hpf. (A) Study design. (B) Representative negative and positive
control images. (C) Hits were rescreened and representative images are shown here and in
Supplemental Figure S3 (n = 2). Eye (E), cranial (C), caudal vein (CV), inter segmental
vessels (ISV), sub intestinal vessels (SIV), and yolk (Y) vessels are noted.
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Figure 4: Hyaloid vessel assay.
Tg(flil:EGFP) zebrafish embryos were exposed to 37 test chemicals from 48-120 hpf. GFP

positive hyaloid primary branches covering the back of the lens were imaged and quantified
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on an Olympus SZX16 fluorescence microscope (n = 3 with 5 larvae per well per
concentration) (Supplemental Figure S4). (A) Representative negative and positive control
(Su) images are shown. Primary hyaloid vessel (HV) branches (white arrows) emerge from
the optic disk (asterisk). (B) Representative images and (C) HV vessel quantification for
haloperidol, 1-hydroxypyrene, and bisphenol A are shown.
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Figure 5: Evaluation of the pVDC signature using zebrafish angiogenesis toxicity data.
ToxCast /n vitro HTS assay data consisted of ACsq values for 1060 chemicals across 821

assays. To identify HTS assays that are correlated with angiogenic inhibition in zebrafish,
ToxCast data were compared to chemicals that produce angiogenic inhibition in any
zebrafish assay (EPA and UCD data in addition to data on 161 ToxCast Phase 1 chemicals
screened by M. Bondesson Lab at UH; Supplemental Tables S6-7) via univariate analysis.
(A-B) Univariate schematic reveals that 132 ToxCast assays are correlated with angiogenic
inhibition in zebrafish, 33 of which were already captured in the pVDC signature. (C)
Signature assays by AOP pathway/quadrant are shown. ToxCast assays for CCL2 (red),
IL1a.6.8 (pink), vascular cell proliferation (dark pink), VEGFR2 (blue) Ephrins (purple),
and PTPN (light purple) are highlighted among all correlated assays. Thirty of the 33
correlative pVDC signature assays mapped to chemokine and ECM pathways. Univariate
associations identified were mined for relationships that may be informative of angiogenic
inhibition /n vivo but are not contained in the pVDC signature. (D) Assay platform for all
ToxCast assays significantly associated with angiogenic inhibition in one or more zebrafish
assays. (E) Newly identified ToxCast assays positively correlated with developmental
angiogenic inhibition in zebrafish that relate xbpl-mediated flow are shown.
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Table 2:

Page 29

Chemical hits that disrupt vessel development in zebrafish. p\VDC scores, hit calls, and the LOELs (Lowest
Observable Effect Level) for angiogenic-specific toxicity are shown. Environmental Protection Agency (EPA);
University College Dublin (UCD); putative Vascular Disrupting Compound (pVDC).

Chemical pVDC Score  EPA Positive EPA LOEL (uM) UCD Positive  UCD LOEL (uM)
Fluazinam 0.434 Y 0.26 N n/a
Disulfiram 0.432 Y 0.14 N nfa
1-Hydroxypyrene 0.386 Y 14 Y 8.8
Pyridaben 0.379 Y 0.026 N nla
Triclocarban 0.362 Y 2.6 N nfa
Tert-Butylhydroquinone 0.336 Y 8.2 N n/a
Haloperidol 0.177 Y 14 Y 3.14
Bisphenol A 0.146 N nfa Y 15.68
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