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ABSTRACT

Niclosamide is an antihelminthic drug used worldwide for the treatment of tapeworm infections. Recent drug
repurposing screens have revealed that niclosamide exhibits diverse mechanisms of action and, as a result,
demonstrates promise for a number of applications, including the treatment of cancer, bacterial infections, and Zika
virus. As new applications of niclosamide will require non-oral delivery routes that may lead to exposure in utero, the
objective of this study was to investigate the mechanism of niclosamide toxicity during early stages of embryonic
development. Using zebrafish as a model, we found that niclosamide induced a concentration-dependent delay in
epiboly progression during late-blastula and early-gastrula, an effect that was dependent on exposure during the
maternal-to-zygotic transition—a period characterized by degradation of maternally derived transcripts, zygotic
genome activation, and initiation of cell motility. Moreover, we found that niclosamide did not affect embryonic
oxygen consumption, suggesting that oxidative phosphorylation—a well-established target for niclosamide within
intestinal parasites—may not play a role in niclosamide-induced epiboly delay. However, mRNA-sequencing revealed
that niclosamide exposure during blastula and early-gastrula significantly impacted the timing of zygotic genome
activation as well as the abundance of cytoskeleton- and cell cycle regulation-specific transcripts. In addition, we
found that niclosamide inhibited tubulin polymerization in vitro, suggesting that niclosamide-induced delays in
epiboly progression may, in part, be driven by disruption of microtubule formation and cell motility within the

developing embryo.

Key words: niclosamide; zebrafish; epiboly; development; cytoskeleton.

Niclosamide (2',5-dichloro-4-nitro salicylanilide) is an oral anti-
helminthic drug that is approved by the U.S. Food and Drug
Administration and has been used since the 1960s for treatment
of tapeworm infections in humans and animals (Andrews et al.,
1982). Oral doses of niclosamide are well-tolerated and result in
minimal side effects, an outcome that is due to low niclosamide
absorption from the gastrointestinal tract to systemic circula-
tion as well as rapid elimination and minimal bioaccumulation
of any absorbed niclosamide (Andrews et al., 1982; Duhm et al.,
1961). Based on studies conducted to date, niclosamide is not
suspected to result in birth defects or cause developmental tox-
icity, teratogenicity, mutagenicity, or carcinogenicity, although
the majority of animal studies supporting these conclusions
relied on the use of oral doses of a niclosamide formulation
that limits absorption within the gastrointestinal tract.
Nevertheless, niclosamide should only be used by pregnant

women when justified, and use in the first trimester of preg-
nancy should only occur when absolutely necessary (Andrews
et al., 1982).

The antiparasitic activity of niclosamide was first reported
to be mediated through inhibition of mitochondrial oxidative
phosphorylation (OXPHOS) and ATP production (Andrews et al.,
1982; Weinbach and Garbus, 1969). This hypothesis was based
on studies demonstrating that niclosamide exhibited uncou-
pling activity in isolated mitochondria (Tao et al.,, 2014; Yorke
and Turton, 1974) as well as in vivo uncoupling measured by in-
creased oxygen consumption in mice and invertebrates
(Raheem et al., 1980; Tao et al., 2014). Niclosamide has also been
reported to inhibit the conversion of NADH to NAD+ within
tapeworms (Park and Fioravanti, 2006) and increase intracellu-
lar reactive oxygen species and apoptosis in cell-based assays
(Jin et al., 2010; Lee et al., 2014).
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Recent drug repurposing screens have shown that niclosa-
mide may be effective for treating a broad range of illnesses
such as cancer (Chen et al., 2018; Li et al., 2014; Pan et al., 2012),
bacterial infections (Gwisai et al., 2017; Imperi et al., 2013;
Rajamuthiah et al., 2015; Tharmalingam et al., 2018), and Zika vi-
rus (Cairns et al., 2018; Li et al., 2017; Xu et al., 2016). Although the
mechanisms underlying these potential off-label uses remain
largely unknown, these studies have reported that niclosamide
has the potential to disrupt multiple signaling pathways includ-
ing NF-kB, Wnt/p-catenin, STAT3, mTORC1, and Notch (Balgi et
al., 2009; Chen et al., 2009; Jin et al., 2010; Ren et al., 2010; Suliman
et al., 2016). Overall, the diversity of literature and observed
effects of niclosamide exposure suggest that the mechanisms
responsible for many therapeutic (as well as toxic) effects are
likely complex and may not be directly related to the activity of
niclosamide as an inhibitor of mitochondrial function.

The low systemic bioavailability of niclosamide though oral
administration—although key to its success as an antihel-
minthic—may prove to be a challenge for many of the proposed
off-label uses. Therefore, new routes of exposure with increased
absorption will be essential for the future success of niclosa-
mide in treating various conditions within humans (Li et al.,
2014; Lu et al., 2016). In addition, the broad range of uses for
niclosamide currently being discussed introduces the possibility
for in utero exposure within human populations. Therefore,
there is a need to reevaluate the toxicity of niclosamide within
a developmental context. In 2017, we carried out a high-content
screen of the LOPAC™#® (Library of Pharmacologically Active
Compounds) library—a commercially available library of 1280
marketed drugs, failed development candidates, and well-
characterized small molecules widely used for validation of
high-throughput screening assays. Based on this screen, niclo-
samide was one of the most potent developmental toxicants
within zebrafish embryos during the first 25 h of development
(Vliet et al., 2017), with exposure to 10 uM niclosamide from 5 to
25 h post-fertilization (hpf) resulting in 100% embryo mortality
(Vliet et al., 2017). Therefore, the overall objective of this study
was to investigate the mechanism of toxicity of niclosamide at
lower, non-lethal concentrations during early stages of embry-
onic development.

MATERIALS AND METHODS

Animals

Adult flil:egfp zebrafish were maintained and bred on a recircu-
lating system using previously described procedures (Vliet et al.,
2017). We relied on flil:egfp zebrafish for this study, as we origi-
nally identified niclosamide as a potential developmental toxi-
cant using this strain (Vliet et al., 2017). For all experiments,
newly fertilized eggs were collected within 30 min of spawning,
rinsed, and reared in a temperature-controlled incubator at
28°C under a 14:10-h light-dark cycle. All embryos were sorted
and staged according to previously described methods (Kimmel
et al., 1995). All adult breeders were handled and treated in ac-
cordance with an Institutional Animal Care and Use Committee
(IACUC)-approved animal use protocol (20150035) at the
University of California, Riverside.

Chemicals

Niclosamide (>98%) was purchased from Sigma-Aldrich. Stock
solutions were prepared in high performance liquid chromatog-
raphy (HPLC)-grade dimethyl sulfoxide (DMSO), and stored
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within 2-ml amber glass vials with polytetrafluoroethylene-
lined caps. Working solutions were prepared in embryo media
(5 mM Nacl, 0.17 mM KCl, 0.33 mM CacCl,, 0.33 mM MgSOy, pH 7)
immediately prior to each experiment.

Phenotypic assessments

The magnitude of niclosamide-induced epiboly delay within
zebrafish embryos was assessed by exposing embryos (10 em-
bryos per petri dish; three replicate petri dishes per treatment)
from 2 to 6 hpf under static conditions at 28°C to 3 ml of vehicle
(0.1% DMSO) or niclosamide concentrations (0.078-0.625 pM)
that resulted in epiboly delay in the absence of mortality. At 6
hpf, embryos were removed from treatment solution, arranged
laterally in an agarose mold, and imaged using a Leica MZ10 F
stereomicroscope equipped with a DMC2900 camera. The height
of the cell mass and percent epiboly—calculated as (cell mass
progression over yolk sac)/yolk sac height*100—were measured
for each embryo using Image]J (v1.51m9).

To assess embryo recovery and identify potential sensitive
windows of exposure, embryos (10 embryos per petri dish; three
replicate petri dishes per treatment) were exposed under static
conditions at 28°C to 3 ml of vehicle (0.1% DMSO) or niclosamide
(0.156, 0.313, and 0.625 uM) beginning at 2 hpf. Every hour until 6
hpf, embryos were removed from the exposure dish by aspirat-
ing treatment solution and transferring to clean embryo media.
At 6 hpf, all embryos were imaged using procedures described
above. To identify possible sensitive windows of exposure,
exposures were carried out under similar conditions as the re-
covery assay, with exposures beginning every hour until 5 hpf.

To investigate the effect of early developmental niclosamide
exposure on later stages of development, the effect of
niclosamide-induced epiboly delay on 24-hpf embryos was
assessed by exposing embryos (10 embryos per petri dish; three
replicate petri dishes per treatment) under static conditions at
28°C to 3 ml of vehicle (0.1% DMSO) or niclosamide (0.313 uM) at
time points equivalent to recovery and sensitive window
assays. At 6 hpf, embryos were transferred to replicate petri
dishes containing clean embryo media and incubated at 28°C
until 24 hpf. At 24 hpf, viable embryos were arrayed into a 384-
well plate, resulting in one embryo per well and 16 embryos per
treatment; the plate was then centrifuged for 2 min at 200 rpm
to ensure all embryos were positioned at the well bottom. Using
previously described procedures (Vliet et al., 2017), embryos
were imaged on our ImageXpress Micro XLS Widefield High-
Content Screening System and total body area was analyzed
within MetaXpress 6.0.3.1658 (Molecular Devices, Sunnyvale,
California) as a readout for embryonic growth. Briefly, a 4x ob-
jective and FITC filter cube was used to acquire one frame per
entire well because eGFP is expressed along the anteroposterior
axis of 24-hpf flil:egfp embryos. Total body area was then quan-
tified within MetaXpress using automated custom journal
scripts that (1) creates a threshold for each FITC-specific embryo
image; (2) measures total area of the threshold for each embryo;
and (3) exports total area data for each embryo to an Excel
spreadsheet.

Oxygen consumption assay

We used 2-ml glass vials containing oxygen-sensitive sensors to
monitor oxygen concentrations within the surrounding embryo
media using a SDR SensorDish Reader (PreSens Precision
Sensing GmbH, Regensburg, Germany). Embryos were exposed
to vehicle (0.1% DMSO) or niclosamide (0.156-0.625 uM) in
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groups of 10 embryos per petri dish from 2 to 6 hpf under static
conditions at 28°C. At 6 hpf, embryos were rinsed three times
with clean embryo media and placed into equilibrated sensor
vials containing clean embryo media at a density of 20 embryos
per vial, with four-independent replicate vials per treatment.
Oxygen concentrations were then measured at 28°C in a dark
incubator over the course of 400 min. Oxygen consumption data
were analyzed by comparing the slope of each time-dependent
oxygen profile that excluded the initial 30-min lag necessary for
vial equilibration. For all oxygen consumption experiments, a
blank sample without embryos and a negative control (embryos
exposed to embryo media alone) were included. All samples
were analyzed using a linear regression and the blank slope was
subtracted from the slope of each treatment.

ATP pre-treatment assay

Embryos (10 embryos per well) were exposed to 100 pl of vehicle
(embryo media, as ATP is soluble in water) or ATP (5 or 10 mM)
from 0.75 to 2 hpf within clear 96-well plates (Corning
Incorporated, Corning, New York). At 2 hpf, embryos were re-
moved from wells and transferred to petri dishes (10 embryos
per petri dish; three replicate petri dishes per treatment) con-
taining vehicle (0.1% DMSO) or 0.313 uM niclosamide. At 6 hpf,
embryos were removed from treatment solution and assessed
for epiboly progression as described above.

mRNA-sequencing

Embryos (10 embryos per petri dish; nine petri dishes per treat-
ment) were exposed under static conditions at 28°C to 10 ml of
vehicle (0.1% DMSO) or 0.313 pM niclosamide from (1) 2 to 6 hpf
or4to6hpfand (2)2to3,2to4,2to5,or2to 6 hpf. Surviving
embryos (30 per replicate pool; triplicate pools per treatment)
were snap-frozen in liquid nitrogen at the end of each exposure,
and then stored at —80°C until RNA extraction. Triplicate pools
of 30 embryos per pool were homogenized in 2-ml cryovials us-
ing a PowerGen Homogenizer (Thermo Fisher Scientific,
Waltham, Massachusetts), resulting in a total of 36 samples.
Following homogenization, a SV Total RNA Isolation System
(Promega, Madison, Wisconsin) was used to extract total RNA
from each replicate sample per manufacturer’s instructions.
Libraries were prepared using a QuantSeq 3’ mRNA-Seq
Library Prep Kit FWD (Lexogen, Vienna, Austria) and indexed by
treatment replicate per manufacturer’s instructions. Library
quality and quantity were confirmed using our Qubit 3.0
Fluorometer and 2100 Bioanalyzer system, respectively.
Libraries from two exposure scenarios were then pooled (12 li-
braries per pool), diluted to a concentration of 1.3 pM (with 1%
PhiX control), and single-read (1 x 75) sequenced on our
[llumina MiniSeq Sequencing System (San Diego, California) us-
ing three separate 75-cycle High-Output Reagent Kits. All se-
quencing data were uploaded to Illumina’s BaseSpace in real-
time for downstream analysis of quality control. Raw Illumina
(fastq.gz) sequencing files (36 files totaling 8.24 GB) are available
via NCBI's BioProject database under BioProject ID PRJINA454154,
and a summary of sequencing run metrics are provided in
Supplementary Table 1 (>92.41% of reads were >Q30). All 36
raw and indexed Illumina (fastq.gz) sequencing files were
downloaded from BaseSpace, and uploaded to Bluebee’s geno-
mics analysis platform. Quality trimming of reads was per-
formed within Bluebee using BBDuk (v35.92). Trimmed reads
were aligned against the current zebrafish genome assembly
(GRCz10) using STAR Aligner (v2.5.2a) with modified ENCODE

settings. Aligned reads were then indexed, counted, and
mapped using Samtools (v1.3), HTSeq-count (v0.6.0), and RSeQC
(v2.6.4), respectively.

For 2- to 6-hpf and 4- to 6-hpf exposures, a DESeq2 applica-
tion within Bluebee (Lexogen Quantseq DE 1.2) was used to
identify significant treatment-related effects on transcript
abundance (relative to vehicle controls) based on a false discov-
ery rate (FDR) p-adjusted value <.05. Using DESeq2-identified
transcripts, downstream analyses were run using Qiagen’s
Ingenuity Pathway Analysis (IPA). Statistically significant tran-
scripts were uploaded to IPA, and human, rat, and mouse
homologs were automatically identified within IPA using NCBI’s
HomoloGene. An Expression Analysis was then performed us-
ing a Fisher’s Exact Test p-value threshold of .05 as the basis for
identifying statistically significant pathways; the algorithm
considered both direct and indirect relationships using
Ingenuity Knowledge Base (genes only) as the reference set.

To identify potential effects on maternal transcript degrada-
tion and zygotic genome activation, vehicle (0.1% DMSO) and
niclosamide (0.313 uM) libraries from 2- to 3-, 2- to 4-, 2- to 5-,
and 2- to 6-hpf exposures were normalized in Bluebee’s DESeq2
application (Lexogen Quantseq DE 1.2). A list of zebrafish-
specific maternal and zygotic transcripts were obtained from
the literature (Harvey et al., 2013), and the sum of DESeq2-
normalized read counts was calculated for zygotic and maternal
transcripts within each library.

Whole-mount immunohistochemistry

Embryos (10 embryos per petri dish; nine replicate petri dishes
per treatment) were exposed under static conditions 28°C from
2 to 6 hpf or 4 to 6 hpf to 3 ml of vehicle (0.1% DMSO) or niclosa-
mide (0.313 pM). At 6 hpf, embryos were removed from treat-
ment solution, dechorionated by incubating in 10 mg/ml
pronase for 10 min, pooled (30 per pool; three replicate pools),
and fixed overnight in 4% paraformaldehyde/1x phosphate-
buffered saline (PBS). Fixed embryos were labeled using a 1:100
dilution of zebrafish-reactive anti-acetylated a-tubulin (Sigma)
antibody and 1:500 dilution of Alexa Fluor 555-conjugated goat
anti-mouse IgG2b (ThermoFisher Scientific). Stained embryos
were imaged using a Leica MZ10 F stereomicroscope equipped
with a DMC2900 camera. Tubulin fluorescence in the yolk sac,
cell mass, and whole embryo was quantified using the
Corrected Total Cell Fluorescence method for Image] (v1.51m9)
(McCloy et al., 2014).

In vitro tubulin polymerization assay

A fluorescence-based porcine brain tubulin polymerization as-
say (Cytoskeleton, Inc.) was used to determine whether niclosa-
mide interferes with polymerization of tubulin into
microtubules in vitro. The rate of polymerization in the presence
of vehicle (0.1% DMSO), 3 uM nocodazole (a known inhibitor of
tubulin polymerization), or niclosamide (1.56-200 pM) was
quantified in kinetic mode using a GloMax Multiplus Plate
Reader (Promega) per manufacturer’s instructions.

Statistical analysis

For all data, a general linear model (GLM) analysis of variance
(ANOVA) (« = .05) was performed using SPSS Statistics 24, as
these data did not meet the equal variance assumption for non-
GLM ANOVAs. Treatment groups were compared with vehicle
controls, and time-points for recovery and sensitivity window
assays were compared with 2- to 6-hpf exposures using
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Figure 1. Initiation of exposure to niclosamide at 2 hpf results in epiboly delay at 6 hpf. Epiboly progression was quantified as cell height (mm) above yolk sac (A) and
cell progression over yolk sac/total yolk height*100 (or percent epiboly). (B) Data represent three-independent replicate treatments (10 embryos per replicate) and are
presented as mean .. standard deviation. Asterisk denotes significant (p < .05) difference relative to vehicle control.
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Figure 2. Niclosamide induces a delay in epiboly progression—an effect that increases in severity with longer exposure duration (A and B) and earlier exposure initia-
tion. (C and D) Epiboly progression was quantified as cell height (mm) above yolk sac and percent epiboly (cell progression over yolk sac/total yolk length). Data repre-
sent three-independent replicate treatments (10 embryos per replicate) and are presented as mean . standard deviation.
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Figure 3. Exposure to 0.313 ,M niclosamide from 2 to 5 hpf, 2 to 6 hpf, or 3 to 6 hpf results in a significant decrease in total body area at 24 hpf. Panels A and B summa-
rize data from recovery and sensitive window experiments, respectively, and are based on a sample size of 16 embryos per exposure scenario. Independent 2- to 6-hpf
exposures were conducted for recovery and sensitive window experiments to reflect maximum exposure durations; relative to embryos exposed to vehicle from 2 to 6 hpf,
total body area was significantly decreased in both experiments following exposure to 0.313 ,M niclosamide from 2 to 6 hpf. Data are presented as mean .. standard devia-
tion. Asterisk denotes significant (p < .05) difference in niclosamide-treated embryos relative to vehicle controls within the same exposure scenario. Cross (+) denotes signif-
icant (p < .05) within-treatment difference relative to the 2- to 6-hpf exposure scenario. Representative transmitted light images of 24-hpf embryos for each exposure
scenario are shown in Panels C and D. Stunted tails (black arrows) are visible within embryos exposed to 0.313 ,M niclosamide from 2 to 5 hpf, 2 to 6 hpf, or 3 to 6 hpf.

pair-wise Tukey-based multiple comparisons of least square
means to identify significant differences.

RESULTS

Niclosamide Induces a Concentration-Dependent Delay
in Epiboly Progression

We first exposed embryos to a range of niclosamide concentra-
tions (0.078-10 uM) from 2 to 6 hpf, and determined that expo-
sure to niclosamide resulted in a concentration-dependent
arrest in epiboly at 6 hpf and increase in mortality at 24 hpf; at
concentrations 2.5 pM or higher, 100% mortality was observed
at 24 hpf (data not shown). Exposure to lower niclosamide con-
centrations resulted in a concentration-dependent delay in
epiboly progression, with a significant (~0.8 h) delay starting at

0.156 pM (Figs. 1A and 1B). Moreover, we found that
niclosamide-induced effects on epiboly at 6 hpf were dependent
on niclosamide concentration and exposure duration. When ex-
posed to 0.156 and 0.313 pM niclosamide, partial to full recovery
occurred in the 2- to 4-hpf and 2- to 3-hpf exposure groups, re-
spectively, relative to 2- to 6-hpf exposures (Figs. 2A and 2C). In
addition, after initiating exposure every hour to identify sensi-
tive windows of niclosamide exposure, we found that initiation
of niclosamide exposure at 2 or 3 hpf resulted in a higher mag-
nitude of epiboly delay at 6 hpf (Figs. 2B and 2D).

When embryos were exposed to niclosamide from 2 to 5 hpf,
2 to 6 hpf, or 3 to 6 hpf followed by incubation in clean media
until 24 hpf, we found that total body area was significantly de-
creased within 24-hpf embryos, whereas total body area was
not significantly decreased in embryos exposed from 4 to 6 hpf
or 5 to 6 hpf (Figure 3). Collectively, these phenotypic
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Epiboly progression represented as (A) cell height above yolk sac and (B) percent epiboly (cell progression over yolk sac/total yolk length*100). Data represent the mean
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assessments demonstrate that niclosamide exposure results in
epiboly delay in a concentration- and exposure duration-
dependent manner, and that the susceptible window of niclosa-
mide exposure is within blastula.

Niclosamide Does Not Significantly Alter Embryo
Oxygen Consumption

To test the hypothesis that niclosamide-induced epiboly delay
may be due to effects on OXPHOS, we assessed the ability of
niclosamide to interfere with oxygen consumption at early
stages of embryonic development using vials containing
oxygen-sensitive sensors. A density of 20 embryos per vial was
identified as optimal based on preliminary experiments com-
paring oxygen consumption rates using 10, 20, and 30 embryos
per vial (Figure 4A and Supplementary Table 2). Embryos ex-
posed to 0.313 pM from 2 to 6 hpf did not significantly alter oxy-
gen consumption rates over a 400-min period following
exposure (Figure 4B and Supplementary Table 3). Overall, these

data suggest that niclosamide-induced epiboly delay may not
be associated with uncoupling of OXPHOS.

ATP Pre-Treatment Does Not Block Niclosamide-
Induced Epiboly Delay

We then tested the hypothesis that niclosamide-induced epib-
oly delay may be due to decreased ATP production. We first ex-
posed embryos to a range of ATP concentrations (5-50 mM)
from 0.75 to 2 hpf, and determined that the maximum tolerated
ATP concentration was <25 mM based on the absence of gross
malformations and embryo mortality at 6 hpf (data not shown).
Therefore, embryos were pre-treated to 5 or 10 mM ATP from
0.75 to 2 hpf and then treated with vehicle (0.1% DMSO) or 0.313
puM niclosamide from 2 to 6 hpf. We found that pre-treatment
with ATP did not block nor mitigate niclosamide-induced epib-
oly delay (Figs. 5A and 5B), suggesting that niclosamide-induced
epiboly delay may not be associated with a decrease in embry-
onic ATP concentrations following niclosamide exposure.
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Figure 6. Exposure to 0.313 ,M niclosamide from 2 to 6 hpf and 4 to 6 hpf results in significant effects on transcript abundance (A and B) and pathways related to protein
synthesis, cell cycle regulation, and various signaling pathways. (C) Volcano plots showing the number of significantly different transcripts within embryos exposed to
0.313 ,\M niclosamide from 2 to 6 and 4 to 6 hpf, (A and B) with the log,-transformed fold change on the x-axis and the —log;,-transformed p-adjusted value on the y-
axis. 1795 significantly altered transcripts were common to both exposure durations. (D) Canonical Pathways (C) affected by niclosamide exposure were identified
by IPA’s Expression-Analysis using a Fisher’s exact p-value <.05. Panel E shows representative images of embryos exposed to 0.313 ,M niclosamide from 2 to 6 and

4 to 6 hpf.

Niclosamide Results in Significant Impacts on the
Transcriptome at 6 hpf

Exposure of embryos to 0.313 uM niclosamide from 2 to 6 hpf
significantly affected the abundance of 4993 transcripts (relative
to vehicle controls) at 6 hpf, where the abundance of 2932 and
2061 transcripts were significantly decreased and increased, re-
spectively (Figure 6A and Supplementary Table 4). Following a
2-h exposure from 4 to 6 hpf, 1959 transcripts were significantly
affected (relative to vehicle controls) at 6 hpf, where 1171 and
788 transcripts were significantly decreased and increased, re-
spectively (Figure 6B and Supplementary Table 5). Interestingly,
nearly 92% of significantly altered transcripts (1795 total) in the
4- to 6-hpf exposure were also significantly affected in the 2- to
6-hpf exposure (Figure 6D).

Following automated identification of human, rat, or mouse
homologs within IPA, approximately 64% (3209 out of 4993) and
66% (1287 out of 1959) of statistically significant transcripts
from the 2- to 6-hpf and 2- to 4-hpf exposures, respectively,
were included in IPA’s analysis; the remaining statistically sig-
nificant transcripts were excluded by IPA’s analysis due to the
absence of human, rat, and/or mouse orthologs within NCBI’s
Homologene database. Interestingly, based on IPA’s canonical
pathways, both exposure scenarios resulted in significant
effects on pathways involved in protein synthesis (Figure 6C
and Supplementary Tables 6 and 7). At the transcript-level, the
most significantly decreased transcripts were related to the cy-
toskeleton as well as gastrulation/epiboly and embryonic pat-
terning (Table 1), whereas the most significantly increased

transcripts were related to GTP/GDP binding, signal transduc-
tion, and cell cycle regulation (Table 1).

Niclosamide Delays Maternal Transcript Degradation
and Zygotic Genome Activation

Although exposure to 0.313 uM niclosamide from 2 to 3 or 2 to 4
hpf did not significantly alter the abundance of maternal nor zy-
gotic transcripts at 3 and 4 hpf, respectively, exposure to 0.313
uM niclosamide from 2 to 5 hpf resulted in significantly higher
levels of maternal transcripts and significantly lower levels of
zygotic transcripts at 5 hpf relative to time-matched vehicle
controls (Figure 7 and Supplementary Tables 8 and 9). However,
exposure from 2 to 6 hpf did not result in significant differences
in maternal and zygotic transcripts at 6 hpf despite a ~1.2-h de-
lay in epiboly at the same time-point. Overall, these data sug-
gest that initiation of niclosamide exposure at 2 hpf delays
maternal transcript degradation and zygotic genome activation
between 4 and 5 hpf, an effect that may decrease in severity as
embryos progress through early-gastrula.

Niclosamide Decreases Tubulin Polymerization In Vitro

Zebrafish embryos exposed to 0.313 pM niclosamide from 2 to 6
hpf or 4 to 6 hpf did not result in a significant effect on tubulin
(based on total fluorescence) within the embryo yolk sac, cell
mass, or whole embryo (Figure 8A and Supplementary Table
10). These results suggest that niclosamide does not alter the
abundance nor localization of tubulin within the zebrafish em-
bryo. However, within an in vitro tubulin polymerization assay,
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Table 1. Top 25 Significantly Decreased Or Increased Transcripts Ranked by Fold Change for Each Exposure Duration

Category Gene Shared log2 Fold Change (—)logl0 (FDR) GO Terms

2-6 hpf Top 25 decreased transcripts

Cytoskeleton krt92 Y -9.63 45.32 Cytoskeletal filament
krt4 N —8.86 43.21 Cytoskeletal filament
krt18 N -8.11 63.26 Cytoskeletal filament
cytll N —7.59 18.85 Cytoskeletal filament
add3b N —-7.56 28.89 Cytoskeleton
evpla Y -7.53 28.79 Intermediate filament binding
krt97 N —7.34 17.09 Cytoskeletal filament
krto6 Y -7.23 21.14 Cytoskeletal filament
Epiboly and gastrulation  cldne N -8.41 44.12 Epiboly involved in gastrulation
cytl Y —7.72 30.44 Cell migration involved in gastrulation
Lipid ane membrane afp4 N —7.89 26.73 Lipid catabolism
mtp N -7.20 20.86 Lipid metabolism
Development asb11l N -8.57 33.32 Notch signaling, protien ubiquination
tbx16 N —8.51 131.29 Left/right symmerty
szl N -7.29 16.56 dorsal/ventral signaling
Transcriotion vgll4l N —8.58 26.49 Transcription
polr3gla N —7.90 26.78 Transcription
sb:cb81 N —-7.53 33.56 UTR-mediated mRNA destabilization
Other aldob N —-8.63 73.66 Glycolysis
fb0o6f03 N —8.62 40.44 Fin regeneration
stm N -8.61 122.52 Otic placode formation
lye N —8.38 31.03 Cellular adhesion and signaling
soxlla N —7.51 18.32 Brain development
zic2b N —7.94 27.11 Regulation of retinoic acid receptor signaling
dnase1l4.1 N —7.58 24.00 DNA catabolism
2-6 hpf Top 25 increased transcripts
GTP/GDP zgc:162879 N 3.13 11.28 GTP binding
arl4aa Y 3.08 34.78 GTPase-mediated signal transduction
Cell cycle moto N 3.70 6.83 Meiotic cell cycle
mtusla N 2.9 42.0 Cell cycle
cdc45 N 2.9 36.7 Cell Cycle
hbegfa N 3.39 28.95 Cell proliferation
Metabolism pgp N 4.32 8.78 Metabolic process
lipg N 3.05 33.86 Metabolic process
zgc:73340 N 3.02 19.81 Metabolic process
Phosphorylation ulkla Y 3.59 13.00 Phosphorylation
mos N 3.21 25.35 Phosphorylation
ctdspl N 2.95 11.27 Phosphatase
arhgap32a N 2.9 45.4 Phosphorylation
DNA repair apex2 N 3.28 13.87 DNA repair
ercc4 N 3.0 19.6 DNA repair
Other dcunld4 Y 5.18 34.02 Ubiquitin-protein transferase
algl3 N 3.61 8.51 Dorsal/ventral pattern formation
ccdc115 Y 3.42 7.64 Unfolded protien binding
sytl4 N 3.35 7.41 Intracellular protein transport
dlg5a N 3.22 22.17 Apoptosis
trim35-29 N 3.18 33.56 Carbonate dehydrogenase
bmb N 3.17 74.62 Pronuclear fusion
osbpl3a N 3.12 5.78 Lipid transport
asflbb N 3.06 32.67 Transcription
zgc:152977 Y 2.9 12.0 Cytoskeleton
4-6 hpf Top 25 decreased transcripts
Cytoskeleton krt17 N —4.22 17.31 Cytoskeletal filament
zgc:110712 N -3.69 16.78 Cytoskeletal filament
krt5 N -3.10 22.85 Cytoskeletal filament
krto6 Y —2.95 15.78 Cytoskeletal filament
zgc:110333 N -2.93 8.15 Structural activity
evpla Y -2.79 18.91 Intermediate filament binding
krt92 Y —2.65 24.74 Cytoskeletal filament
tmsb1 N -2.63 12.13 Actin filament organization

Continued
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Table 1. (continued)
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Category Gene Shared log2 Fold Change (—)logl0 (FDR) GO Terms
Epiboly and gastrulation  cytl Y -3.93 33.12 Cell migration involved in gastrulation
apocl N —3.32 39.45 Cell migration involved in gastrulation
Lipid and membrane zgc:101640 N -2.69 10.47 Phospholipid transport
mal2 N -3.23 8.04 Membrane integrity
zgc:91849 N —2.50 7.32 Membrane integrity
Development her7 N -3.73 13.03 Anterior/posterior patterning
efnb2a N —2.72 8.45 Anterior/posterior patterning
mespab N —2.66 4.70 Somite rostral/caudal axis specification
Other cd44a N —2.49 4.96 Cell adhesion
hk1 N —2.52 4.39 Glycolysis
rabgap1l2 N —2.65 11.77 Intracellular protein transport
anxalc N -2.68 4.77 Calcium ion binding
futod N —2.69 4.83 Protein glycosylation
sox2 N -2.70 4.88 Fin regeneration
hsd17b14 N -2.71 15.13 Oxioreductase activity
znf750 N —2.95 6.35 Cell differentiation
im:7150988 N -3.19 8.81 Cellular response to xenobiotics
4-6 hpf Top 25 increased transcripts
GTP/GDP arl4aa Y 1.95 2.50 GTPase-mediated signal transduction
Cell cycle btg4 N 2.10 8.25 Cell proliferation
cdca9 N 1.73 2.73 Cell division
zw10 N 1.70 4.58 Mitotic cell cycle
Lipid and membrane zgc:113425 N 2.14 10.47 Membrane component
si:ch211157b11.12 N 1.86 6.05 Membrane component
vps9di1 N 1.84 3.38 Membrane component
Cytoskeleton zgc:152977 Y 1.74 12.55 Cytoskeletal anchoring
zgc:56231 N 1.94 3.92 Microtubule-based movement
Protien transport snx10a N 1.90 9.43 Protien transport
stxlla N 1.77 2.42 Protein transport
Other egln3 N 3.77 23.38 REDOX processes
si:rp71-45k5.2 N 2.37 16.97 Transcription
ccdcl5 Y 2.28 5.36 Unfolded protien binding
igfbpla N 2.26 4.42 Response to hypoxia
dcunld4 Y 2.09 12.76 Ubiquitin-protein transferase
cbx8b N 2.05 4.05 Hematopoietic progenitor cell differentiation
ulkla Y 2.04 3.50 Phosphorylation
gfod2 N 1.88 4.80 Oxioreductase activity
mier3b N 1.87 6.12 DNA binding
micall2b N 1.84 10.51 Endocytic recycling
cyplbl N 1.83 7.63 Xenobiotic metabolic process
pim2 N 1.74 4.93 Apoptosis
josd2 N 1.71 2.66 CNS morphogenesis
tbpl2 N 1.71 2.46 Embryo pattern specification

Gene Ontology (GO) terms were retrieved from The Zebrafish Information Network (http://zfin.org).

niclosamide resulted in a concentration-dependent decrease in
tubulin polymerization starting at 12.5 puM niclosamide
(Figure 8B), suggesting that niclosamide may be inhibiting the
formation of microtubule networks in vitro.

DISCUSSION

Epiboly is characterized by spreading of the cell mass over the
yolk sac—an important process that plays a prominent role in
embryo gastrulation and specification of the dorsoventral axis
(Kimmel et al., 1995; Lepage and Bruce, 2010). Epiboly is a pro-
cess that is shared among vertebrates (Solnica-Krezel, 2005),
and epiboly delay is an adverse outcome that has been observed
in response to a wide range of compounds, many of which are
thought to target the mitochondrial electron transport chain

(Lai et al., 2013; Legradi et al., 2017; Mendelsohn and Gitlin, 2008).
In this study, we demonstrated that exposure to niclosamide
during early =zebrafish embryogenesis resulted in a
concentration-dependent delay in epiboly progression ranging
from ~0.8 to 2.0 h relative to vehicle controls, an effect that was
more severe with increasing exposure duration and increas-
ingly early exposure initiation.

Given that mitochondrial OXPHOS is responsible for the
majority of oxygen metabolism and ATP production within
complex organisms and oxygen consumption directly
reflects OXPHOS (Stackley et al., 2011), we first leveraged oxy-
gen consumption as a simple, non-invasive readout to evalu-
ate potential OXPHOS dysfunction (Legradi et al., 2017,
Raheem et al.,, 1980; Tao et al.,, 2014; Wilson et al., 1983).
Whereas niclosamide-induced epiboly delay may be indica-
tive of OXPHOS uncoupling, embryos exposed to 0.313 uM
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niclosamide from 2 to 6 hpf did not significantly alter oxygen
consumption rates over a 400-min period within clean media
from 6 to 13 hpf. In addition, ATP pre-treatment prior to
niclosamide exposure did not mitigate niclosamide-induced
epiboly delay. As increased oxygen consumption and inhibi-
tion of ATP production are downstream consequences of
OXPHOS uncoupling, our data suggest that niclosamide-
induced epiboly delay may not be a result of OXPHOS disrup-
tion but, rather, may be acting through an alternative mecha-
nism (Bestman et al., 2015).

The maternal-to-zygotic transition (MZT) within an embryo
represents the transition from reliance on maternally derived
transcripts to de novo transcription of the zygotic genome. The
MZT occurs in all animals and involves a host of changes in the
developing embryo, including initiation of cell motility (Kimmel
et al., 1990; Langley et al., 2014; Yartseva and Giraldez, 2015). In
zebrafish, this transition occurs from ~2 to 3 hpf and is required
for epiboly progression (Kane et al., 1996; Kimmel et al., 1995;
Langley et al., 2014). In our study, exposure to niclosamide from
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2 to 5 hpf or 2 to 6 hpf resulted in a more severe effect on epiboly
progression relative to niclosamide exposure from 2 to 3 hpf or
2 to 4 hpf. In addition, initiation of niclosamide exposure at 2 or
3 hpf resulted in a more severe effect on epiboly progression
and embryonic development by 24 hpf relative to exposures ini-
tiated at 4 or 5 hpf. Collectively, these data suggest the sensitive
window of niclosamide exposure is within blastula, a period of
development that encompasses the MZT. Indeed, niclosamide
exposure resulted in significant increases in transcripts specific
to transcriptional processes, suggesting that niclosamide may
be targeting processes involved in the initiation of the MZT.

We then tested the hypothesis that niclosamide exposure
blastula and early-gastrula leads to effects on maternal tran-
script degradation and zygotic genome activation. Indeed, initi-
ation of exposure to niclosamide at the beginning of the MZT (2
hpf) resulted in an increased abundance of maternal transcripts
and decreased abundance of zygotic transcripts at 5 hpf relative
to time-matched vehicle controls, suggesting that niclosamide
may delay maternal transcript degradation and zygotic genome
activation. However, maternal and zygotic transcripts were not
significantly different at 6 hpf following a 2- to 6-hpf exposure,
suggesting that impacts to both sets of transcripts may decrease
in severity as embryos progress through early-gastrula. As zy-
gotic transcription is essential for epiboly initiation and pro-
gression (Kane et al, 1996; Lepage and Bruce, 2010),
niclosamide-induced delays in zygotic genome activation may
be responsible for downstream delays in epiboly—effects that
may be a direct consequence of delays in maternal transcript
degradation. Among the most abundant maternal transcription
factors present within developing embryos are nanog, sox19b,
and pou5f1, all of which have been shown to regulate zygotic ge-
nome activation in zebrafish (Lee et al., 2013). Indeed, niclosa-
mide exposure resulted in significant impacts on nanog, sox19b,
and pou5f1 transcripts following a 2- to 6-hpf exposure, suggest-
ing that niclosamide may disrupt transcript levels of key mater-
nal transcription factors involved in zygotic genome activation
and epiboly progression.

In addition to delays in maternal transcript degradation and
zygotic genome activation, our mRNA-sequencing data demon-
strated that numerous cytoskeleton-related transcripts were
significantly altered following niclosamide exposure from 2 to 6

B 2500
iz ¥
—— e =, *
i .
2000 4 -
5 .
ha i
~ 1500 4 e
@ *
(]
[ =
@
[+3
i
S 1000 -
=
[
500 4
0 T #

‘\&@‘{’o raé) 156 313 625 125 25 50 100 200

¥ J épbé\ ? -

e & @Q Niclosamide (M)

@

Figure 8. Niclosamide exposure from 2 to 6 hpf or 4 to 6 hpf does not significantly affect tubulin abundance nor localization in the yolk sac, cell mass, or whole embryo,
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hpf, including beta (tubb2b) and alpha (tubala, tubalb, tuba8l4,
and tuba4l) tubulin transcripts, suggesting that the cytoskeleton
may be affected within epiboly-delayed embryos exposed to
niclosamide. Prior studies have demonstrated that movement
of the blastoderm around the yolk sac occurs through interac-
tions with microtubules present in the yolk sac (Solnica-Krezel
and Driever, 1994; Strahle and Jesuthasan, 1993), and epiboly
progression in zebrafish embryos is dependent on the presence
of intact yolk sac microtubules that shorten as epiboly pro-
gresses (Jesuthasan and Stahle, 1997). Our whole-mount immu-
nohistochemistry data suggest that niclosamide does not
impact the abundance nor localization of tubulin from the yolk
sac or embryonic blastodisc (cell mass). However, our in vitro tu-
bulin polymerization data suggest that niclosamide inhibits po-
lymerization of tubulin dimers into microtubules.

In conclusion, this study demonstrated that (1) niclosamide
exposure during early zebrafish embryogenesis results in a
concentration-dependent delay in epiboly that may be indepen-
dent of OXPHOS disruption; (2) the window of sensitivity for
niclosamide exposure is within blastula and coincides with the
timing of the MZT; (3) niclosamide delays degradation of mater-
nal transcripts and initiation of zygotic genome activation; and
(4) niclosamide results in a concentration-dependent decrease
in tubulin polymerization in vitro. Overall, our data suggest that
niclosamide may be preventing the progression of epiboly by
disrupting the timing of zygotic genome activation, an effect
that may be mediated through disruption of maternal transcrip-
tion factors and/or microtubule polymerization. Therefore, fu-
ture studies are needed to (1) confirm the potential target and
mechanism of action for niclosamide within zebrafish embryos
and (2) determine whether similar effects on epiboly occur in
utero within mammalian models following non-oral routes of
niclosamide exposure.
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