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Tris(1,3-dichloro-2-propyl) phosphate Exposure During Early-
Blastula Alters the Normal Trajectory of Zebrafish
Embryogenesis
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David C. Volz'*

TDepartment of Environmental Sciences, University of California, Riverside, California 92521,
United States

*Environmental Toxicology Graduate Program, University of California, Riverside, California
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Abstract

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is an organophosphate flame retardant used
around the world. Within zebrafish, we previously showed that initiation of TDCIPP exposure
during cleavage (0.75 h post-fertilization, hpf) results in epiboly disruption at 6 hpf, leading to
dorsalized embryos by 24 hpf — a phenotype that mimics the effects of dorsomorphin (DMP), a
bone morphogenetic protein (BMP) antagonist that dorsalizes embryos in the absence of epiboly
defects. The objective of this study was to 1) investigate the role of BMP signaling in TDCIPP-
induced toxicity during early embryogenesis; 2) identify other pathways and processes targeted by
TDCIPP; and 3) characterize downstream impacts of early developmental defects. Using zebrafish
as a model, we first identified a sensitive window for TDCIPP induced effects following exposure
initiation at 0.75 hpf. We then investigated the effects of TDCIPP on the transcriptome during the
first 24 h of development using mRNA and amplicon sequencing. Finally, we relied on whole
mount immunohistochemistry, dye based labeling, and morphological assessments to study
abnormalities later in embryonic development. Overall, our data suggest that initiation of TDCIPP
exposure during early blastula alters the normal trajectory of early embryogenesis by inducing
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gastrulation defects and aberrant germ layer formation, leading to abnormal tissue and organ
development within the embryo.
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Introduction

Early vertebrate embryogenesis is regulated by dynamic processes that have the potential to
be sensitive to environmental chemical exposure. Immediately after fertilization, the single-
celled zygote undergoes cleavage to form a multicellular blastula and, during gastrulation,
germ layers (ectoderm, mesoderm, and endoderm) are formed by rapid cellular proliferation;
each of these germ layers have different cell fates that ultimately give rise to different tissues
and organs within the developing embryo. Chemical exposures during early development
may target blastula and/or gastrula, resulting in abnormal cell migration, germ layer
formation, and dorsoventral patterning. For example, 7n utero exposure to alcohol in
mammals results in craniofacial, neural, and cardiac deformities.! In mammals, aberrant
embryogenesis during the pre implantation period can also lead to failed uterine
implantation and premature abortion of the embryo.2 In model organisms such as zebrafish
and Xenopus, germ layer formation is preceded by epiboly — a process primarily dependent
on microtubule dynamics and activity of cell adhesion molecules.3: 4 Epiboly is known to be
sensitive to chemicals like perfluorooctanesulfonic acid and ethanol, leading to the
formation of embryos with structural defects.> 6

Disruption of the normal trajectory of embryogenesis is usually caused by targeted effects of
chemicals on a network of transcriptomic, biochemical, and epigenetic pathways that
regulate development. For example, epidemiological studies have shown that human
exposure to chemicals like persistent organic pollutants, metals, and cigarette smoke are
associated with alterations in epigenetic processes that modulate the maternal-to-zygotic
transition (MZT), leading to later life consequences like behavioral abnormalities and
cancer.” Similarly, certain chemicals may target gastrulation by influencing development
specific signaling pathways, resulting in disruption of germ layer formation, organogenesis,
and dorsoventral patterning.8

Organophosphate flame retardants (OPFRs) are commonly used around the world in
consumer products such as furniture, electronics, automobiles, and children’s products (e.g.,
car seats, baby clothing, and juvenile furniture). Due to the potential to leach from end use
products into indoor dust, concerns remain about the effects of OPFRs in human populations
following inhalation, ingestion, and/or dermal exposure.% 10 In particular, the first eight

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dasgupta et al.

Methods

Animals

Chemicals

Page 3

weeks of human development (the embryonic period) may be susceptible to the potential
effects of OPFR exposure, as this period of development encompasses many coordinated,
dynamic processes that are critical for successful implantation and tissue differentiation.
Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a high production volume OPFR that is
used throughout the United States. Elevated concentrations of TDCIPP have been detected
in dust samples collected within the built environment.® 11As a result, TDCIPP and bis(1,3
dichloro 2 propyl) phosphate (BDCIPP, the primary metabolite of TDCIPP) have also been
detected from urine and dermal samples of toddlers2, pregnant mothers!3, placental
samples! and, in a recent study, 92% of a representative sampling of the United States
population.1® Moreover, recent studies have linked prenatal TDCIPP exposures in pregnant
women to decreased gestational length® and fertilization rates in couples undergoing /n vitro
fertilization.16

Using zebrafish as a model, several recent studies have demonstrated that TDCIPP disrupts
early developmental processes. TDCIPP exposures starting at cleavage (within the first 2
hours post fertilization, hpf) result in epiboly delay or arrest during gastrulation (4-6
hpf)1719, and surviving embryos exhibit a range of malformations by 96 hpf.2° In addition,
TDCIPP-induced epiboly results in dorsalized phenotypes by 24 hpf, and TDCIPP-induced
dorsalization (but not epiboly defects) phenocopy dorsomorphin (a bone morphogenetic
protein, or BMP, antagonist), suggesting that BMP signaling may be disrupted by TDCIPP
following epiboly.1” Therefore, the first objective of this study was to identify a sensitive
window of TDCIPP-induced toxicity during blastula/gastrula and characterize phenotypic
changes following epiboly. Using a combination of mRNA-sequencing as well as
pharmacologic and immunohistochemical strategies, our second objective was to investigate
the impact of TDCIPP on BMP signaling and identify other potential pathway targets of
TDCIPP during the first 24 h of development. Within this objective, we also assessed
whether TDCIPP exposure induced delays in zygotic genome activation within the first 3-4
h of development. Based on our mMRNA-sequencing data, our final objective was to
determine whether TDCIPP-induced changes in the transcriptome were associated with
downstream phenotypic effects at later stages of embryonic development.

Adult wildtype (5D) zebrafish were maintained and bred on a recirculating system using
previously described procedures.?! Adult breeders were handled and treated in accordance
with an Institutional Animal Care and Use Committee (IACUC)-approved animal use
protocol (#20150035) at the University of California, Riverside.

TDCIPP (99% purity) was purchased from ChemService; dorsomorphin (DMP) (99.7%
purity), 4’-hydroxychalcone (4’H) (purity unavailable), and butafenacil (99.3% purity) were
purchased from Sigma-Aldrich. For all three chemicals, stock solutions were prepared in
high performance liquid chromatography (HPLC)-grade dimethyl sulfoxide (DMSO) and
stored within 2-mL amber glass vials with polytetrafluoroethylene lined caps. Working

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dasgupta et al. Page 4

solutions were prepared in embryo media (5 MM NaCl, 0.17 mM KCI, 0.33 mM CaCl,, 0.33
mM MgSOy, pH 7) immediately prior to each experiment.

Embryo Exposures and Phenotyping

All embryos were staged according to previously described methods.?? Viable 5D embryos
at the 2-cell stage (0.75 hpf) were exposed to 10 mL of vehicle (0.1% DMSQO), TDCIPP
(0.78, 1.56, or 3.12 uM), DMP (0.312 or 0.625 uM) and/or 4’H (5 uM) in clean 60-mm glass
petri dishes. For all assessments, nominal concentrations of TDCIPP (1.56 pM and 3.12 uM)
and DMP (0.312 uM) were based on our prior studies relying on epiboly defects and
dorsalization as readouts!’; a single nominal concentration of 5 uM 4’H was also identified
as the maximum tolerated concentration based on initial range-finding exposures that relied
on survival and ventralization as endpoints. All exposures were conducted under static
conditions at 28°C within a temperature-controlled incubator under a 14-h:10-h light:dark
cycle. Results from previous studies in our laboratory have shown that, following initiation
of exposure at 0.75 hpf, there is significant embryonic uptake of TDCIPP by 2 hpf in the
absence of BDCIPP formation.29: 23 At exposure termination, petri dishes were removed
from the incubator, coagulated embryos discarded, and live embryos were imaged under
transmitted light using a Leica MZ10 F stereomicroscope (Leica Microsystems, Inc.)
equipped with a DMC2900 camera. For epiboly and dorsalization assessments, one-way or
two-way analysis of variance (ANOVA) models were performed in R (www.r-project.org)
based on the percentage of normal embryos within each group; pair-wise Tukey-based
multiple comparisons were performed to identify significant treatment related effects relative
to vehicle controls.

mRNA-Sequencing

To assess the effects of TDCIPP on the transcriptome, embryos were exposed to vehicle
(0.1% DMSO), 1.56 uM TDCIPP, 3.12 uM TDCIPP, or 0.625 uM DMP (20 embryos per
replicate; 3 replicates per treatment by stage) at 0.75 hpf and snap frozen in liquid nitrogen
at4, 6, 8, 10, 12 and 24 hpf; in addition, vehicle-and TDCIPP-treated embryos were
sampled at 3 and 5 hpf. All samples (90 total) were then stored at-80°C until total RNA
extraction. All embryos were homogenized in 2-ml cryovials using a PowerGen
Homogenizer (Thermo Fisher Scientific) and, following homogenization, an SV Total RNA
Isolation System (Promega) was used to extract total RNA from each replicate sample per
manufacturer’s instructions. RNA quantity and quality were confirmed using a Qubit 3.0
Fluorometer and 2100 Bioanalyzer system, respectively. Based on sample specific
Bioanalyzer traces, the RNA Integrity Number (RIN) was >8 for all RNA samples used for
library preparations.

Libraries were prepared using a Lexogen Quantseq 3° mRNA Seq Library Prep Kit FWD,
and mRNA-sequencing and bioinformatics were performed as previously described??;
libraries derived from all treatments within each time point were sequenced in a single flow
cell, resulting in a total of eight flow cells. Raw Illumina (fastg.gz) sequencing files (90
files) are available via NCBI’s BioProject database under BioProject ID PRINA475635, and
a summary of sequencing run metrics are provided in Supplemental File 1 (>90% of reads
were =Q30 across all runs). A false discovery rate (FDR) p adjusted value < 0.05 was used
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as the threshold for identifying significant differences in transcript abundance. Significantly
affected transcripts were imported into DAVID Bioinformatics Resources 6.8 for Gene
Ontology (GO) enrichment analysis against zebrafish genome assembly GRCz10 as
previously described.1” For identifying potential impacts on zygotic genome activation, all
libraries derived from vehicle (0.1% DMSO), 1.56 uM TDCIPP, and 3.12 uM TDCIPP
treatments were normalized in Bluebee’s DESeq?2 application (Lexogen Quantseq DE 1.2),
and the sum of normalized counts of maternal or zygotic transcripts obtained from Harvey et
al. 20132 were calculated (Supplemental File 1).

Amplicon-Sequencing

Based on differentially expressed genes derived from mRNA-sequencing and a subset of
other targets specific to related pathways, we selected 30 transcripts total for amplicon
sequencing (Supplemental File 1). Primer sets were designed to amplify ~300-400 bp of
each target and synthesized by Integrated DNA Technologies. Total RNA extracted from
embryos exposed to vehicle (0.1% DMSO) and 3.12 uM TDCIPP from 0.75 hpfto 3, 6 or 12
hpf (50 embryos per replicate; 3 replicates per treatment by stage) were reverse transcribed
using a GoScript Reverse Transcription System (Promega) and targets were amplified using
a 25 pL reaction mixture containing ZymoTaqg (Zymo Research), 20 ng of cDNA, and the
following PCR conditions: 10 min at 95°C followed by 38 cycles of 95°C for 30s, 50°C for
30s, 72°C for 30s, with a final extension of 72°C for 7 min. PCR products were then purified
using a QlAquick 96 PCR Purification Kit (Qiagen), and amplicon quality was confirmed
using a 2100 Bioanalyzer system and DNA 1000 kits from Agilent. Following confirmation
of amplicon concentrations using a Qubit 3.0 Fluorometer, amplicons were pooled by
treatment replicate and diluted to a concentration of 0.2 ng/uL. Libraries were then prepared
using llumina’s Nextera XT DNA Library Prep kit and indexed by treatment replicate.
Similar to previously described procedures?8, all libraries were then pooled, diluted to a
concentration of 1.3 pM (with 25% PhiX control), and paired-end (2X150) sequenced on our
Illumina MiniSeq Sequencing System using a single 300-cycle Mid Output Reagent Kit. All
sequencing data were uploaded to Illumina’s BaseSpace in real-time for downstream
analysis of quality control. Raw Illumina (fastq.gz) sequencing files (36 files) are available
via NCBI’s BioProject database under BioProject ID PRINA475635, and a summary of
sequencing run metrics are provided in Supplemental File 1 (90.3% of reads were >Q30).
All 36 raw and indexed Illumina (fastq.gz) sequencing files were then imported into the
RNA Seq Alignment application within BaseSpace, and alignment was performed using the
STAR aligner and zebrafish danRer7 genome assembly. Following alignment of reads,
significant differences in transcript abundance were detected using the DESeq2 application
within BaseSpace based on a q threshold of 0.05.

Whole-Mount Immunohistochemistry

At exposure termination, embryos were dechorionated using 100 mg/L pronase, fixed
overnight in 4% paraformaldehyde (PFA) in 1X phosphate buffered saline (PBS), and then
stored in PBS at 4°C. Fixed embryos were then incubated with anti phospho SMAD 1/5/9
IgG (1:100 dilution, Cell Signaling), anti Thx16 1gG, (anti-VegT, 1:10, Zebrafish
International Resource Center), or anti-zn-8 1gG4 (1:20, Developmental Studies Hybridoma
Bank, University of lowa) following previously described protocols.26 Embryos were
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incubated with 1gG-, 1gG,-, or 1gG1-specific Alexa Fluor conjugated secondary antibodies
(Sigma) and imaged at 8X magnification using a Leica MZ10 F stereomicroscope equipped

with a GFP filter and DMC2900 camera.

Hemoglobin Staining

To measure hemoglobin levels within developing embryos, embryos were euthanized with
MS-222 at 72 hpf and stained with o-dianisidine using previously described protocols.2” All
embryos were oriented in dorsal recumbency and imaged against a black background under
transmitted light at 4X magnification using a Leica MZ10 F stereomicroscope equipped with
a DMC2900 camera. Treatment-specific differences were identified using an ANOVA
followed by Tukey’s post hoc test (p<0.05) within R.

Pericardial Area and Cardiac Assessments

After exposure to TDCIPP from 0.75-24 hpf, embryos were transferred to clean embryo
media until 72 hpf, and then anesthetized and imaged at 3.2X (for pericardial area) and 8X
(for cardiac morphology) magnification using a Leica MZ10 F stereomicroscope equipped
with a DMC2900 camera. Pericardial area (a biomarker for cardiac looping defects) was
quantified within Image J, and treatment specific differences were identified using a one way
ANOVA model followed by Tukey based multiple comparison procedures within R.

Ocular Area and Pigmentation Assessments

Results

After exposure to TDCIPP from 0.75-24 hpf, embryos were transferred to clean embryo
media until 48 hpf, and then dechorionated, anesthetized, and imaged at 3.2X (for body
length) and 8X (for eye measurements) magnification using a Leica MZ10 F
stereomicroscope equipped with a DMC2900 camera. Eye area and pigmentation were
quantified within Adobe Photoshop; for pigmentation, the darkest shade of black pigment
was replaced with red using the “Replace Color” tool, and the area of the red hue within the
eye was quantified similar to o-dianisidine measurements. Treatment specific differences
were identified using a one-way ANOVA model followed by Tukey-based multiple
comparison procedures within R.

Sensitive Window of Exposure for TDCIPP-Induced Deformities

Based on TDCIPP-induced epiboly and dorsalization phenotypes observed within our
previous studyl’, we sought to identify the most sensitive window for these effects by
initiating exposures at different time points starting at 0.75 hpf. Relative to initiation of
exposure at 2 hpf, we found that initiation of exposure at 3 hpf resulted in a statistically
significant increase in percentage of normal embryos at both 6 hpf (Figure 1A) and 24 hpf
(Figure S1A), indicating that 2-3 hpf is a highly sensitive window for TDCIPP-induced
developmental toxicity during early embryogenesis.

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.
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Effect of Pre-treatment with 4’-H on TDCIPP-Induced Deformities

To investigate whether TDCIPP-induced abnormalities were blocked by a BMP agonist
(4’H), we pre-treated embryos to 5 uM 4’H from 0.75-2 hpf, followed by exposure to 3.12
UM TDCIPP or 0.312 uM DMP from 2-6 hpf. Interestingly, pre-treatment with 4’H partially
blocked the severity of epiboly and dorsalization phenotypes, resulting in a statistically
significant increase in proportion of normal embryos at 6 hpf (Figure 1B) as well as a similar
(albeit non-significant) increase in proportion of normal embryos at 24 hpf (Figure S1B).

Effect of TDCIPP on Zygotic Genome Activation

As 2-3 hpf overlaps with the onset of the MZT, we assessed whether TDCIPP has the
potential to delay zygotic genome activation. Based on normalized read counts of maternal
and zygotic transcripts?®, we observed a slight ~1-h delay (relative to vehicle controls) in
activation of zygotic transcripts in TDCIPP-exposed embryos at 3 hpf in the absence of
effects on maternal transcript abundance; however, this effect was not statistically significant
due to variation in zygotic transcript abundance at 3 hpf within the vehicle controls (Figure
2). Importantly, there were also no significant differences in transcript abundance for three
highly translated, maternally loaded transcription factors (nanog, pou5f3, and sox19b) that
are known to regulate MZT (Table S1).

Overlap of TDCIPP- and DMP-Affected Pathways

Volcano plots in Figure S2 represent overall results from mRNA-sequencing, Supplemental
File 1 provides data for significantly affected transcripts from all treatments, and Table S1
shows fold changes and functions of a subset of transcripts. While 1.56 pM TDCIPP induced
minimal effects on the transcriptome, changes in transcript abundance following exposure to
3.12 uM TDCIPP and 0.625 uM DMP were dependent on the stage of embryonic
development. Maximal responses for all treatments were seen at 24 hpf, with concentration-
dependent responses for 19 transcripts between both TDCIPP treatments (Figure S3). At 3
and 6 hpf, transcript levels of gastrulation-regulating genes (cy# and apocl) were decreased
by TDCIPP based on mRNA-and amplicon-sequencing (Table S1). Surprisingly, despite
phenotypic similarities at 24 hpfl7, there was minimal overlap between transcripts affected
by TDCIPP and DMP during the first 12 h of development (Figure S4). Importantly, mMRNA
levels of BMP pathway relevant genes that were differentially affected by DMP (bmp7a,
vox, and bambid) were not impacted by TDCIPP (Figure 3A); the only exception was
sizzled (sz/), which was consistently decreased following exposure to both TDCIPP and
DMP (Figure 3B).

The absence of effects on BMP signaling was also confirmed by immunostaining. Contrary
to DMP, a ventral-to-dorsal gradient of BMP signaling (using anti-phospho-SMAD 1/5/9)
was not affected within embryos exposed from TDCIPP from 0.75 to 8 hpf (Figure 3C). As
the number of significantly affected transcripts during each exposure window prior to 12 hpf
was low, we combined data from 10 and 12 hpf to assess pathway-level effects during the
onset of somitogenesis and found that pathways involved in mesoderm development,
somitogenesis, and brain/retinal development were significantly impacted (Figure S5A).
Using data derived from 0.75-24 hpf exposures, GO analysis revealed significant effects on

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dasgupta et al. Page 8

numerous pathways including oxygen transport, microtubules, hematopoiesis, brain
development, mitochondrial function, and oxidative phosphorylation (Figure S5B).

TDCIPP-Induced Effects on Mesoderm Development and Differentiation

During early somitogenesis, TDCIPP decreased transcripts (msgnl, tbx6, thx6/, and thx16)
that directly regulate mesoderm development and differentiation (Figure 4A; Table S1).
Transcript levels of sp5/— a Wnt-regulated gene that also regulates mesoderm differentiation
—was increased at 6 hpf (Table S1). Consistent with mRNA-sequencing results, amplicon-
sequencing (Table S1) showed a >4-fold and ~1.5-fold decrease in tbx6 transcripts at 3 and
12 hpf, respectively; transcript levels of 72— a gene also associated with mesoderm
differentiation — was decreased by ~1.9-fold. Indeed, immunostaining with anti-Thx16 (a
marker of paraxial mesoderm) also revealed aberrant localization of mesodermal cells in
TDCIPP-treated embryos by 12 hpf. However, although a more extensive phenotypic
assessment revealed that TDCIPP and DMP-treated embryos appeared morphologically
similar starting at ~10 hpf (post-gastrulation) (Figure S6), Thx16 localization within DMP-
treated embryos at 12 hpf was not affected (Figure 4B). Observation of embryos under a
higher magnification revealed that, despite apparent phenotypic similarities, TDCIPP-treated
embryos lacked the presence of a well defined notochord and somites, while DMP-treated
embryos retained these structures — although the somites were more radially extended
compared to vehicle controls (Figure 4C).

TDCIPP-Induced Effects on Hemoglobin Levels and Oxygen Consumption

As red blood cells are derived from the mesoderm, we also determined whether TDCIPP
impacted hemoglobin levels and oxygen consumption following somitogenesis. Additional
details about oxygen consumption assays are provided within the Figure S7 legend.
Interestingly, TDCIPP exposure resulted in a significant decrease in the abundance of gatala
(an erythroid transcription factor) by 12 hpf and other hemoglobin specific transcripts by 24
hpf (Table S1). Moreover, there was a significant concentration dependent decrease in
hemoglobin levels following exposure from 0.75 72 hpf (Figure 5A) — an effect that
occurred in the absence of alterations on embryonic oxygen consumption (Figure S7;
Supplemental File 1). However, the impacts on TDCIPP on hemoglobin levels were absent
when exposures were initiated at 10 hpf (post gastrulation) (Figure S8A).

TDCIPP-Induced Effects on Cardiac Development

As cardiomyocytes are also derived from the mesoderm, we assessed the impacts of
TDCIPP on cardiac development. At 24 hpf, TDCIPP exposures decreased levels of
transcripts specific to cardiac development (Table S1). In addition, exposure to 3.12 uM
TDCIPP from 0.75-24 hpf resulted in a concentration dependent increase in pericardial area
by 72 hpf (Figure 5B), with ~40% of embryos exhibiting cardiac looping defects (Figure 5B
inset). Similar to effects on hemoglobin levels, this effect was absent when exposures were
initiated at 10 hpf (post gastrulation) (Figure S8B).

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.
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TDCIPP-Induced Effects on Eye and Brain Development

Although GO analysis indicated that TDCIPP impacted eye development, the majority of
eye development related transcripts were increased; smarcab— a gene associated with retinal
development — was the only transcript decreased at 24 hpf (Table S1). To investigate whether
these effects were associated with eye defects later in development, we quantified ocular
area and pigmentation at 48 hpf and observed a concentration dependent decrease in ocular
area as well as pigmentation within TDCIPP treated embryos (Figures 5C and 5D). Embryos
immunostained with zn-8 antibody also revealed a lack of neuronal growth within the
developing eye at 48 hpf (Figure S9). Although TDCIPP exposures decreased transcripts
associated with brain development (Table S1), no visible effects on brain morphology were
observed in zn-8-labeled embryos by 48 hpf (Figure S10).

Discussion

Using zebrafish as a model, the objective of this study was to investigate the effects of
TDCIPP on the trajectory of early embryonic development. We first showed that TDCIPP-
induced effects on epiboly and dorsoventral patterning were primarily restricted to exposures
initiated during cleavage (by ~2 hpf), and that there was a strong decrease in abnormalities if
exposures were initiated at mid blastula (3 hpf). We also showed that TDCIPP-treated
embryos phenocopied DMP-treated embryos starting at ~10 hpf (post gastrulation), where
TDCIPP-and DMP-exposed embryos developed an ovoid shape and exterior tissue masses
that ultimately led to dorsalization. These findings are consistent with our previous study?2°
and establishes cleavage (0.75 2 hpf) and early blastula (2 3 hpf) as sensitive windows for
TDCIPP-induced effects on both epiboly and dorsoventral patterning.

Early-blastula (2-3 hpf) is also marked by initiation of zygotic genome activation (ZGA).28
Using normalized read counts, our data suggests that TDCIPP may induce a slight delay in
ZGA, albeit in the absence of impacts on key maternally loaded transcriptional factors that
regulate ZGA (nanog, pou5f3, and sox19b).2° Since epiboly progression is dependent on
zygotic transcription® 30, the ZGA delay may be responsible for subsequent delays in
epiboly. Epiboly defects may also have resulted from TDCIPP induced decreases in
transcripts of gastrulation regulating genes (cyzI and apocli), as epiboly is delayed within
embryos deficient in these transcripts.31: 32 However, further studies are needed to identify
mechanisms that lead to distinct epiboly phenotypes (delay vs. arrest) within an identical
TDCIPP treatment group.

As our previous study showed that TDCIPP-exposed embryos phenocopied DMP induced
dorsalization by 24 hpf, we hypothesized that TDCIPP inhibits BMP signaling. Indeed, pre-
treatment with 4’H (a weak BMP agonist) partially blocked TDCIPP-and DMP-induced
dorsalization, where =55% and <40% of embryos pre-treated with DMSO or 4’H,
respectively, were dorsalized. However, results from mRNA-sequencing showed that
TDCIPP-induced minimal effects on BMP signaling during these stages; in particular,
contrary to DMP, TDCIPP did not result in significant impacts on transcripts associated with
the BMP signaling pathway. The absence of impacts on BMP signaling was also confirmed
by immunostaining embryos with anti p SMAD 1/5/9, which labels SMAD proteins specific
to the ventral to dorsal BMP signaling gradient during gastrulation.33 The BMP gradient
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within TDCIPP-treated embryos was similar to vehicle controls, suggesting that BMP
signaling is likely not a major target of TDCIPP. However, sz/— a BMP pathway inhibitor —
was significantly decreased in both TDCIPP and DMP treatments. In our prior microarray-
based studyl?, we observed a similar TDCIPP induced decrease in sz/at 6 hpf; however,
since sz/ morphant embryos did not phenocopy TDCIPP induced epiboly defects and
dorsalization, the role of TDCIPP-induced decreases in sz/remains unclear. Furthermore, as
4’H partially blocked epiboly defects in TDCIPP-treated embryos, our data suggest that 4’H
and TDCIPP may share a common target that regulates epiboly and gastrulation movements
but is not directly related to the BMP signaling pathway.

Interestingly, GO pathway analysis revealed that TDCIPP directly affected transcripts
regulating mesoderm specification. During gastrulation, a feedback loop between Wnt
signaling and Ntl maintains the undifferentiated state of mesodermal progenitor cells
(MPCs); msgn1 and tbx16 overexpression inhibits this Wnt-Ntl loop, resulting in
differentiation of MPCs into tail and trunk mesoderm that further differentiate into tail and
trunk somites.3# In our experiments, TDCIPP induced a significant increase in sp5/ (a Wnt-
regulated gene) at 6 hpf, followed by decreased levels of msgni, tbx16, tbx6, and tbx6/- all
of which regulate mesoderm development, specification and differentiation3>-38 — by early
segmentation (10-12 hpf). Decreased abundance of fatranscripts observed at 12 hpf may
also contribute to mesodermal disruption, as fa interacts with msgnz to regulate mesoderm
differentiation during somitogenesis.3* Immunostaining with anti Thx16 at 12 hpf further
revealed a disruption in localization of mesodermal cells in TDCIPP-treated but not DMP-
treated embryos. Collectively, these phenotypic and transcriptomic data indicate that
TDCIPP may primarily impact mechanisms that regulate gastrulation and mesoderm
development. However, since BMP signaling, in part, regulates mesodermal
differentiation3?, there may be an indirect effect of TDCIPP on proteins involved in the BMP
signaling pathway.

We then focused on investigating impacts of TDCIPP on embryonic structures derived from
the mesoderm. We initially characterized the development of somites and notochord — the
first structures that are derived from the mesoderm.4? Consistent with mesodermal
disruption, TDCIPP-treated embryos lacked the presence of well-defined somites or
notochord at 12 hpf. These phenotypes are consistent with double-morphants deficient in
tbx16and msgn1, as these genes are essential for differentiation of mesodermal cells.4! In
particular, as somites are derived from the paraxial mesoderm?2, the absence of somite
development was consistent with disrupted mesoderm based on immunostaining with anti
Thx16 — a marker of paraxial mesoderm. In contrast to TDCIPP-treated embryos and
consistent with previous studies*3, DMP treated embryos contained an intact notochord and
somites in the posterior region although, in most cases, these somites did not fully extend
into the anterior side and showed a broader radial extension compared to vehicle controls.
Consistent with our mMRNA-sequencing data, these subtle structural differences between
TDCIPP and DMP-treated embryos also highlight the different modes of action for these
two compounds.

Downstream in the developmental trajectory, mesodermal tissues differentiate into red blood
cells as well as cardiomyocytes.3* Thx16 also plays an important role in the differentiation
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of mesodermal cells into red blood cells.38: 44 In our study, when exposures were initiated at
0.75 hpf, TDCIPP-exposed embryos were, similar to an anemia-inducing herbicide
(butafenacil)*®, anemic by 72 hpf in a concentration-dependent manner. These results
corroborated TDCIPP-induced disruption of localization of mesodermal cells /n situ, as well
as a decrease in levels of tbxI6and red blood cell specific genes such as gatal (at 12 hpf)
and hbae3, hbbe3, hbbel.2and hbael.3 (at 24 hpf). As these genes regulate hemoglobin
synthesis and the oxygen carrying capacity of the blood, we investigated oxygen
consumption by the embryo following a 0.75-24 hpf exposure to TDCIPP. However, we
found no significant effect on oxygen consumption, as early stage embryos obtain oxygen by
diffusion through the skin rather than blood driver convective transport.*6 TDCIPP also
impacted cardiac development, where embryos exposed to TDCIPP from 0.75-24 hpf
displayed a concentration-dependent increase in pericardial edema, a marker for cardiac
defects*” by 72 hpf. Similarly, by 24 hpf, TDCIPP exposures decreased the abundance of
heart specific transcripts (binlb, tnni2b.1, tnni2a.4, Irre39, tinb, and ttn.2), indicating a
dysregulation of cardiac development and function; indeed, embryos deficient in /rrc39and
ttn are known to have defects in cardiac contractility.48: 49 Furthermore, GO pathway
analysis at this stage also showed effects on cardiac muscle fiber development and tissue
morphogenesis. However, severe pericardial edema or anemia was absent when exposures
were started post gastrulation (~10 hpf), indicating that these TDCIPP-induced impacts were
likely specific to disruption of earlier developmental processes such as gastrulation and
mesoderm differentiation.

Based on GO pathway analysis, we also investigated the impacts of TDCIPP exposures on
eye and brain development. While we did not observe gross malformations in the brain
based on zn-8 staining, exposure to TDCIPP from 0.75-24 hpf resulted in a concentration
dependent decrease in ocular area and pigmentation, and there was a systemic decrease in
pigmentation across the entire embryo. In addition, zn 8 based immunostaining also revealed
a deficiency of neuron formation within the eye. These phenotypes were consistent with
known morphants of oix1a, otx1b, smarca5and paics, genes which regulate eye
development.®0: 51 Surprisingly, transcript levels of otxZa, otx1band paics were increased in
TDCIPP exposures. Therefore, abnormalities seen in eye development may have been driven
by a decrease in transcript levels of smarca5, as decreased smarca5is known to lead to
smaller eye morphology as well as deficiencies in neuronal numbers and organization.>®

Collectively, our data suggest that epiboly defects and dorsalization observed in TDCIPP-
exposed embryos are primarily due to mesodermal disruption during somitogenesis. The
progression of these phenotypes is likely independent of a direct impact on BMP signaling
pathways even though TDCIPP-treated embryos phenocopied DMP-treated embryos at 24
hpf. These effects are stronger when exposures are initiated during cleavage and early
blastula and may potentially be due to delayed activation of the zygotic genome — an effect
that may alter the normal trajectory of embryonic development and lead to impacts on tissue
differentiation and organogenesis. Future studies are needed to better understand the
mechanisms underlying TDCIPP-induced epiboly defects as well as mechanisms linking
epiboly defects and mesodermal disruption. As early developmental processes are conserved
across all vertebrates, our findings suggest that TDCIPP has the potential to induce similar
effects following in utero exposure in mammals.
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Figure 1.

Sensitive window of exposure and effects of 4’H pre-treatment on TDCIPP-induced epiboly
defects at 6 hpf. 2—-3 hpf represents the most sensitive window for TDCIPP-induced effects
on epiboly at 6 hpf (A). 4’H pre-treatment partially blocks TDCIPP-induced epiboly defects
at 6 hpf (B). 100% of embryos were normal across all DMSO control replicates. Bars with
dissimilar letters are significantly different (p<0.05).
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Figure 2.
Effect of TDCIPP on activation of the zygotic genome. Based on normalized read counts,

TDCIPP exposures induce a slight (albeit non significant) ~1-hr delay in activation of
zygotic genome at 3 hpf.
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Figure 3.

Impact of TDCIPP on BMP signaling. While exposure to 0.625 pM DMP decreased BMP
specific transcripts between 4 and 12 hpf, these transcripts are not affected by exposure to
3.12 yM TDCIPP (A). The only exception was sizzled (szI), where mMRNA levels were
strongly decreased in both treatments (B). Immunostaining with anti phospho SMAD 1/5/9
also showed minimal effects of TDCIPP on BMP gradients (C); DMSO-and TDCIPP-treated
embryos showed a hormal BMP gradient from ventral to dorsal side at 8 hpf, whereas DMP
treated embryos showed a disrupted gradient. Asterisk denotes significant difference relative
to time matched vehicle controls (p 44<0.05).

Environ Sci Technol. Author manuscript; available in PMC 2019 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dasgupta et al. Page 18

A

log, Fold Change

| amane

-0.75-0.50-0.25 0

3.12 yM TDCIPP

jdy oL

0.625 uM DMP

3.12 yM TDCIPP

TDCIPP

0.625 yM DMP

thbx6

tbx6l
tbx16
msgn1

500 pm 12 hpf

Figure 4.
TDCIPP-induced effects on mesoderm development and differentiation. mMRNA levels of

mesoderm regulating genes (f0x6, tbx16, thx6/and msgnl) were decreased in 3.12 uM
TDCIPP treatments between 10 and 12 hpf (beginning of somitogenesis), whereas DMP did
not affect these transcripts (A). Immunostaining with anti-VegT (#6x16) antibody at 12 hpf
revealed normal patterning of paraxial mesodermal tissues and localization towards the tail
bud at 12 hpf in DMSO-and DMP-treated embryos, but disrupted localization in 3.12 uM
TDCIPP-treated embryos (B). Yellow arrow points to tail bud and white arrow points to
notochord. Higher magnification of the embryonic structure revealed that, while TDCIPP-
treated embryos at 12 hpf lacked a well-developed notochord and somites were absent,
DMP-treated embryos possessed somites in the tail that are broader and more radially
extended than somites within vehicle controls (red arrow) (C). Asterisk denotes significant
difference relative to time matched vehicle controls (p44<0.05).
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Figure 5.
TDCIPP-induced effects on hemoglobin levels as well as cardiac and ocular development.

TDCIPP-treatments induce a concentration-dependent decrease in hemoglobin levels at 72
hpf when treatments are initiated at 0.75 hpf (N=20 embryos per treatment). Butafenacil was
used as a positive control for chemically induced anemia (A). TDCIPP exposure from 0.75—-
24 hpf results in a concentration dependent increase in pericardial area at 72 hpf (B) and
concentration dependent decrease in ocular area (C) and ocular pigmentation (D) at 48 hpf.
N=15 embryos per treatment in each case. Insets show occurrence of tube hearts (B) and
lack of pigmentation (D) in representative embryos treated with 3.12 mM TDCIPP. In all
cases, asterisk denotes significant difference relative to vehicle controls (p<0.05), and black
line denotes the treatment mean.
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