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ABSTRACT: It is hypothesized that key genes, other than ahr2, are present and associated with the development of a unique
type of notochord malformation known as wavy notochord in early life stages of zebrafish following exposure to polychlorinated
diphenylsulfides (PCDPSs). To investigate the potential mechanism(s), time-dependent developmental morphologies of
zebrafish embryos following exposure to 2500 nM 2,4,4",5-tetra-CDPS, 2,2’,4-tri-CDPS or 4,4’-di-CDPS were observed to
determine the developmental time point when notochord twists began to occur (ie, 21 h-postfertilization (hpf)).
Simultaneously, morphometric measurements suggested that PCDPS exposure did not affect notochord growth at 21 or 120
hpf; however, elongation of the body axis was significantly inhibited at 120 hpf. Transcriptome analysis revealed that the
retardation of body growth was potentially related with dysregulation of transcripts predominantly associated with the insulin-
associated Irs—Akt—FoxO cascade. Moreover, knockdown and gain-of-function experiments in vivo on codifferentially
expressed genes demonstrated that reduced expression of hspb9 and hspbl1 contributed to the occurrence of wavy notochord.
The results of this study strongly support the hypothesis that the notochord kinks and twists are triggered by the down-
regulation of hspb9 and hspbll, and intensified by body growth retardation along with normal notochord length in PCDPS-
exposed zebrafish embryos.
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Figure 1. Generalized structure of polychlorinated diphenylsulfides
(PCDPSs) (A) and structural formulas, logKow values, and molar
masses of the three congeners tested in this study: 2,4,4',5-tetra-
CDPS (B), 2,2/,4-tri-CDPS (C) and 4,4'-di-CDPS (D).

polychlorinated diphenyl ethers (PCDEs), polychlorinated
biphenyls (PCBs) and polybrominated diphenyl ethers
(PBDEs). They have been widely used as lubricants,' flame
retardants,” insulating media,® and acaricides®™’ in many
countries like China and the U.S. To date, PCDPSs have been
frequently found in a variety of environmental matrices,
including industrial wastewater and dust,®” waste incineration
ash,® natural waters,'”'" and even crops like fruits’ and tea
leaves,” ranging from monochloro- to heptachloro-diphenyl
sulfide congeners. However, due to the lack of pure authentic
standards for PCDPS and/or the shortcomings of purification
and analytical methods, most previous studies on concen-
trations of PCDPSs in environmental matrices were based on
qualitative reporting. Only one recent study quantitatively
examined total concentrations of 19 PCDPS congeners in
surface water and sediment from the Nanjing section of the
Yangtze River; concentrations ranged from 0.18 to 2.03 ng/L
and 0.10 to 6.90 ng/g dry weight, respectively.''

A growing number of studies have suggested that PCDPSs
could cause a spectrum of adverse effects, such as hepatic
oxidative stress,'”~'* retardation of development,'® reproduc-
tive disorders,"”” and even increased mortality'>>™"" in
vertebrates like mammals, fish and birds. Increased mortality
was recently shown to be initiated and mediated by activation
of the aryl hydrocarbon receptor 2 (Ahr2)."” Several PCDPS
congeners have also been shown to activate the AHR and
subsequently modulate expression of genes in vitro in
mammals and birds.'®'” Furthermore, given the physicochem-
ical characteristics similar to other persistent organic pollutants
(POPs), including environmental persistence,”’ Iong-ran%e
transport potential,”’ and bioaccumulation potential,'”*"**
PCDPSs have been regarded as a group of potential dioxin-like
compounds (DLCs) of high priority concern.

In a previous study, acute exposure to dichloro- to
heptachloro-diphenyl sulfide congeners in early life stages of
zebrafish resulted in significant teratogenic effects, such as
spinal curvature, malformations of the tail, yolk sac edema, and
pericardial edema.'” These malformations were generally
classified as classical, dioxin-like effects. However, a unique
type of notochord malformation, namely a strikingly wavy
notochord, was noted in zebrafish larvae exposed to PCDPS.'

Exposure of zebrafish to 1.55 nM 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) resulted in spinal curvatures,””** but the
kinking/bending of the notochord was much more severe in
PCDPS-exposed zebrafish at generally similar TCDD-equiv-
alent concentrations.'” Thus, it is hypothesized that molecular
mechanism(s) underlying the notochord malformations extend
beyond Ahr2 activation and perhaps occur downstream of
Ahr2 or other nuclear receptors/transcription factors in
zebrafish embryos exposed to PCDPS. It has been suggested
that AHR-mediated developmental toxicity of xenobiotics
involves dysregulation of as-yet unidentified transcriptional
intermediates.”> In addition, down-regulation of sox9b gene
was associated with jaw malformations in TCDD-exposed
zebrafish embryos.”® These findings support the hypothesis
that additional molecular mechanisms are involved in
malformations of the notochord of zebrafish exposed to
PCDPSs.

In acute exposures to six individual PCDPS congeners
(dichloro- to heptachloro-diphenylsulfides), the wavy noto-
chords were most prevalent in zebrafish larvae exposed to 2500
nM 2,4,4',5-tetra-CDPS, 2,2',4-tri-CDPS and 4,4’-di-CDPS."”
Individuals with wavy notochord accounted for almost all of
the deformed larvae. Thus, to investigate mechanism(s)
underlying PCDPS-induced wavy notochord, first, a time-
dependent developmental morphology of zebrafish embryos/
larvae was photographed and recorded following exposure to
2500 nM of each of the individual PCDPS congeners. The goal
was to determine the defined developmental time point when
the notochord twists began to occur. Second, a new batch of
embryos was exposed in the same way and collected after
specific durations of development for transcriptome analysis
using RNA-seq to identify potential key codifferentially
expressed genes (DEGs). Finally, knockdown and gain-of-
function experiments in vivo were employed to determine
which gene expression changes were associated with wavy
notochord in developing zebrafish embryos. A potential
molecular mechanism underlying PCDPS-induced wavy
notochord in early life stages of zebrafish was identified and
provided insights into pathways related to teratogenicity of
dioxins/DLCs in early life stages of vertebrates.

B MATERIALS AND METHODS

Chemicals and Reagents. The three PCDPS congeners
under study—4,4'-di-CDPS, 2,2',4-tri-CDPS, and 2,4,4,5-
tetra-CDPS (Figure 1B—D)—were synthesized previously by
a palladium-catalyzed carbon—sulfur bond formation meth-
od.”” The purities were determined to be >99% with no
detectable dioxin-like polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDDs/Fs) present as described previously.'”
All stock solutions of PCDPS congeners were prepared in
dimethyl sulfoxide (DMSO, CAS number 67—68—5; >99.7%
purity; Sigma-Aldrich, St. Louis, MO) and stored at —20 °C.

Animals and Waterborne Exposure Experiments. All
husbandry and experimental procedures in the present study
were approved by the Institutional Animal Care and Use
Committee of the Huazhong Agricultural University and
adhered to the Canadian Council on Animal Care guidelines
for humane animal use. Adult wild-type zebrafish (AB strain, 7-
month old) were maintained as described previously.'” All
fertilized eggs used in the present study were obtained by
artificial fertilization to ensure the collected embryos were at
the same developmental stage. Only those embryos undergoing
normal development were selected for subsequent exposure
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experiments by using a stereomicroscope (M20SFA, Leica
Microsystems, Wetzlar, Germany).

For in vivo waterborne exposures, the dosing solutions of
PCDPS congeners were prepared immediately before use in
embryonic rearing water (60 mg/L instant ocean salt in
aerated distilled water) at a concentration of 2500 nM. The
single concentration was selected based on results from a
previous acute toxicity study.'” The final concentration of
DMSO in the exposure solutions was 0.5% (v/v).

Exposures were conducted in two parts. First, to determine
the defined developmental time point when the twisted and
kinked notochord was observed, the collected embryos were
randomly distributed into glass beakers and exposed to each of
the three individual PCDPS congeners or DMSO starting at
0.75 hpf. For each treatment, three replicate beakers were used,
each containing 100 mL exposure solution and 100 embryos.
Fifty percent of the exposure solution was renewed by freshly
prepared exposure solution on a daily basis. Embryos were
kept in an environmental chamber at controlled temperature
(28 £ 0.5 °C) and photoperiod (12 h light and 12 h dark).
During the 120-hpf exposure period (by which time, zebrafish
have developed into free-swimming larvae and most organs
have fully developed),”® developmental morphology was
observed every 2 h by use of a Leica M20SFA stereo-
microscope. Embryo/larva and notochord lengths of 20
individuals from each group were measured at 21 and 120
hpf using Image] software.”” In the second part of the
experiment, embryos were exposed to 2500 nM of each of the
three PCDPSs or the solvent DMSO from 0.75 to 21 hpf.
Three replicate beakers were included for each treatment
containing 100 mL exposure solution and 100 embryos. At 21
hpf, 50 embryos from each replicate of the treatment and
control groups were collected and immediately frozen in liquid
nitrogen, and stored at —80 °C for RNA-seq Five other
embryos from each treatment were sampled and fixed with 4%
paraformaldehyde for subsequent confocal laser scanning
microscopy of the notochord. The images were acquired as
black and white micrographs using a Leica confocal micro-
scope (TCS SP8).

Quantification of PCDPS Congeners. Concentrations of
PCDPS congeners in embryos or exposure solutions were
measured by use of a Trace Ultra gas chromatograph system
coupled to a Trace DSQ II quadrupole mass spectrometer
detector (DSQ_II, Thermo Scientific, Waltham, MA) with a
DB-5SMS capillary column (0.25 mm X 30 m, 0.25 um, J&K
Scientific, Sunnyvale, CA). For determination of the actual
waterborne concentrations, 1 mL of exposure solution of the
individual PCDPS congeners from each of three replicate
beakers was sampled at 21 hpf. In addition, three replicates of
30 embryos were collected at 21 hpf to determine
accumulation of PCDPS congeners in developing embryos.
The detailed gas chromatography—mass spectrometry analysis
procedure was described previously.'"'” Retention time,
quantitative ions and recovery of each PCDPS tested are
available in Supporting Information (SI) Tables S1 and S2.The
limits of quantification (LOQ) were defined as ten times the
ratio of signal to instrument noise (10 X S/N), that is, 0.018—
0.045 ng/g wet weight and 0.015—0.032 ng/L for the PCDPSs
in the biological and water samples, respectively.

Transcriptome Analysis Using RNA-seq. RNA Prepara-
tion. Total RNA was extracted with Trizol (Invitrogen,
Burlington, ON, Canada) and genomic DNA was removed
with RNase-free DNase I (Qiagen, Hilden, Germany). RNA
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degradation and contamination was assessed using RNase-free
agarose gel electrophoresis. RNA purity (OD260/280 ratio)
was determined spectrophotometrically by use of a NanoDrop
2000c (Thermo Scientific, Rockford, IL). Concentrations of
RNA were measured using a Qubit 2.0 Fluorometer with a
Qubit RNA XR assay kit (Invitrogen). Integrity of RNA was
assessed on an Agilent 2100 Bioanalyzer with an Agilent RNA
6000 Nano Kit (Agilent Technologies, Santa Clara, CA).

Library Preparation and Sequencing. A total amount of 1
ug total RNA per sample was used to construct a library. All
RNA samples had RNA integrity number scores greater than
8.2. Sequencing libraries were prepared using NEBNext Ultra
II RNA Library Prep Kit for Illumina (NEB, Ipswich, MA)
according to the manufacturer’s instructions. Briefly, poly-A
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. The extracted mRNA was chemically
fragmented into RNA inserts (approximately 200 nt), which
were then reverse-transcribed to first-strand ¢cDNA using
reverse transcriptase and random primers. Synthesis of second-
strand ¢cDNA was achieved using DNA Polymerase I and
RNase H. After adenylation of 3’ ends of the double-stranded
DNA fragments, the NEBNext Adaptor with hairpin loop
structure was ligated to prepare for hybridization. In order to
preferentially select cDNA fragments of 150—200 bp in length,
library fragments were purified using AMPure XP system
(Beckman Coulter, Beverly, MA). The size-selected fragments
were then enriched via PCR and purified to produce the final
cDNA library. During PCR, barcodes were incorporated by use
of the NEBNext index primers, thereby enabling multiplexing.
The cDNA library was analyzed on an Agilent 2100
Bioanalyzer (Agilent Technologies) to determine fragment
quality and size. After cluster amplification of the cDNA
libraries on a cBot Cluster Generation System using TruSeq
PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA), library
preparations were sequenced on an Illumina HiSeq 4000
instrument to generate 150 bp paired-end reads. All raw
sequencing data were deposited at the NCBI Sequence Short
Read Archive (SRA, http://www.ncbi.nlm.nih.gov/ sra) under
accession number SRP149041.

Bioinformatics Analysis. Clean data (clean reads) were
obtained by removing adaptor sequences, poly-N and low-
quality reads from the raw data. Q20, Q30, GC content, and
sequence duplication level of the clean data were simulta-
neously calculated. All downstream analyses were based on
high-quality, clean data. The paired-end clean reads were
aligned to the zebrafish reference genome (Ensembl
GRCz10.81) using HISAT (v2.0.4).>° RNA transcript levels
were estimated by calculating fragments per kilobase per
million mapped reads (FPKM) of each gene using HTSeq
v0.6.1.>" Differential expression analysis was performed using
DESeq R package (1.18.0).>> Genes with a false discovery rate
q value <0.05 were identified as DEGs. GO enrichment
analysis of DEGs was performed using GOseq R package,” in
which gene length bias was corrected. GO terms with
corrected p value <0.05 were considered significantly enriched
by DEGs. To identify the biological pathways involved,
enrichment of DEGs in molecular pathways in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) was carried out
using KOBAS v2.0 software.”

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Assay. For RNA-seq validation, ten genes (mt2,
cypla, apoea, hspb9, hspbll, sult6bl, btr30, egin3, ppplrlSa,

and slc27a2a) plus a reference gene, rpl8, were selected for
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Figure 2. Representative images of developing zebrafish embryos exposed to 2500 nM 2,4,4',5-tetra-CDPS, 2,2’,4-tri-CDPS or 4,4’-di-CDPS
between 19 and 23 hpf. Notochord kinks and twists began to appear at 21 hpf for all three treatments. The notochords are marked with red curves.

Scale bar: 500 pm in 70.8X magnification.

gqRT-PCR analysis. The reference gene rpl8 has previously
been validated to be constantly transcribed in embryos/larvae
following exposure to PCDPS congeners.'” The PCR primer
sets are available in SI Table S3. The primer sequences for
btr30 and mt2 were designed using NCBI/Primer-BLAST
software. The other primer sequences were published
previously.'>*~* Extraction of total RNA was performed as
specified in the RNA-seq experiment. A total of 1 ug of total
RNA was reverse-transcribed into cDNA with PrimeScript II
reverse transcriptase (Takara, Japan) in a 20-uL reaction mix,
according to the manufacturer’s instructions. qRT-PCR was
performed on a StepOne Plus real-time PCR system (Applied
Biosystems, Darmstadt, Germany) with three technical
replicates for each experimental replicate. Each 20-uL reaction
contained 2 uL of synthesized cDNA, 0.8 uL of 10 ymol/L
forward and reverse primers, and 10 uL of 2 X SYBR Premix
Ex Tagll (Takara). The thermal cycle profile was set at 95 °C
for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for
30 s. Postamplification melting curve analysis was conducted to
ensure the gene specificity of the primers. Raw fluorescence
data were exported as clipped files and analyzed as efficiency-
corrected normalized expression using LinRegPCR.*> The
relative mRNA expression of each target gene was normalized
to the geometric mean of the reference gene, rpi8.

Synthesis and Microinjection of siRNA and mRNA. To
exclude potential off-target effects of morpholino injection, the
small interfering RNAs (siRNAs)-based gene-silencing strategy
was chosen for knockdown of expression of specific genes in
zebrafish. The siRNAs targeting zebrafish apoea, hspb9 or
hspbl1 transcripts and siRNA control were synthesized
chemically by Integrated Biotech Solutions Company (Ibsbio,
Shanghai, China) as described previously.”* Sequences of these
siRNAs are listed in SI Table S4. Full-length protein-coding
sequences (CDS) of apoea, hspb9 and hspb11 were synthesized
and cloned into the pcDNA3.1 (Invitrogen) vector at a
position downstream of the CMV promoter by Integrated
Biotech Solutions Company (SI Figure S1). The CDS
incorporated the Nhel restriction site sequence (GCTAGC)
and a Kozak consensus sequence (GCCACCATGC) at the §'-
end and a SV40 polyadenylation signal sequence followed by a
HindIII restriction site sequence (AAGCTT) at the 3'-end for
directional ligation and efficient initiation of translation. All
constructs were confirmed by DNA sequencing and used as
templates to generate S’-capped and 3’-poly(A)-tailed tran-
scripts in vitro using the mMessage mMachine T7 Ultra
transcription kit (Invitrogen).

Injection needles were pulled from borosilicate glass
capillaries (Drummond Scientific, Broomall, PA) on a
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3
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egin3 btr30

ppplrisa

sic27a2a hspb9

hspbl11
Fold change (adjusted p value)
Gene Functional description
2,4,4',5-tetra-CDPS  2,2',4-tri-CDPS 4,4'-di-CDPS

apoea 2.06 (2.09%107) 1.79 (5.12x10%) 2.18 (7.01x10°%) Regulation of axon extension; Lipid transport
br30 0.227 (1.24x10%)  0.771 (1)* 0.216 (1.89x10%)  Erythropoiesis
cypla 16.3 (1.82x107%) 5.58 (2.15x107'%) 4.73 (5.48x107) Oxidoreductase activity
egln3 0.836 (1)* 0.154 (3.51x10%) 0.237 (8.30x107)  Angiogenesis; Neurons apoptosis
hspbll 0.555 (1.12x10%)  0.607 (5.41x10%)  0.567 (1.96x10%)  Muscle fiber formation
hspb9 0431 (9.75x107)  0.491 (1.01x10%)  0.487 (5.89x10°)  Muscle fiber formation
mt2 4.23 (2.96x1071%) 2.11 (2.67x107) 2.67 (1.94x10°1%) Angiogenesis; Metal ion binding
ppplrisa  0.728 (1) 0.428 (2.01x10™%) 0.484 (1.11x10?%)  Growth suppression and apoptosis
slc27a2a 0.971 (1)* 0.620 (3.51x10%) 0.676 (4.18x107?) Intracellular fatty acid and lipid transport
sult6bl 2.28 (9.69x10°"%)  1.90 (6.29x10°'%) 1.71 (1.38x10%) Sulfotransferase activity

“Not identified as DEGs because the false discovery rate g value is greater or equal to 0.05.

Figure 3. Venn diagram showing differentially expressed genes in zebrafish embryos following exposure to 2500 nM 2,4,4',5-tetra-CDPS, 2,2’,4-tri-

CDPS or 4,4'-di-CDPS at 21 hpf. Up-regulated genes are highlighted in red and down-regulated genes are highlighted in blue.

horizontal bed puller (Sutter Instruments, Novato, CA). For
injection, siRNA and mRNA were resuspended in DEPC-
treated water. Two nL of DEPC-treated water, siRNA (100—
400 pg per embryo) or mRNA (50—400 pg per embryo) were
injected into the central, lower region of the first cell near the
yolk-cytoplasm boundary using an Eppendorf FemtoJet
microinjector (Hamburg, Germany) and a micromanipulator
(MN-153, Narishige, Tokyo, Japan) under a stereomicroscope
(SMZ-1000, Nikon, Tokyo, Japan). One hundred embryos
were included in each injection group. Injected embryos were
transferred to embryonic rearing water. Notochord morphol-
ogy was observed at 21 hpf and 30 embryos were randomly
sampled from each injection group, immediately frozen in
liquid nitrogen, and stored at —80 °C until subsequent qRT-
PCR validation.

Statistical Analysis. Before statistical procedures were
applied, data were tested for normality and homogeneity of
variance by a Kolmogorov—Smirnov and Levene’s test using
SPSS 12.0 (SPSS Inc., Chicago, IL). If normality and equal
variance assumptions were met, a t test or a one-way ANOVA
followed by Dunnett’s test for multiple comparisons was used
to identify significant embryo/larva or notochord length
difference between the control and treatment groups. A value
of p < 0.05 was considered statistically significant. When any of
these assumptions were not met, the nonparametric Kruskal—
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Wallis test was used followed by Dunn’s multiple comparison
test.

B RESULTS AND DISCUSSION

Exposure to PCDPSs Caused Wavy Notochord in
Zebrafish Embryos at 21 hpf and Zebrafish Larvae at
120 hpf. Time-dependent morphological analysis demon-
strated that exposure to each of the three individual PCDPS
congeners at 2500 nM resulted in notochord kinks and twists
in developing zebrafish embryos by 21 hpf (Figure 2 and SI
Figure S2). The abnormal phenotype was observed in more
detail by confocal laser scanning microscopy (SI Figure S3).
These kinks and twists became more severe and visible at 23
hpf. Given the detection of the abnormal notochord develop-
ment by 21 hpf, it was selected as the sampling and observation
time point for the RNA-seq, knockdown and gain-of-function
experiments, to reveal the potential molecular mechanism(s).
The degree of notochord kinks and twists was different for
different PCDPS treatments. 2,4,4’,5-tetra-CDPS was the most
potent congener, and it induced five obvious twists in the
notochord at 21 hpf. Fewer twists in notochords were observed
in 2,2/,4-tri-CDPS- and 4,4’-di-CDPS- exposed embryos (4
and 3, respectively) at 21 hpf. In addition, the proportion of
individuals with wavy notochord was not significantly
increased at lower concentrations; however, several individuals
with wavy notochord were observed. Previous chemical
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analysis revealed that no significant degradation of PCDPSs
occurred during a 24 h exposure period."” The actual exposure
concentrations in solutions (nM) and embryos (ug/g wet
weight) were measured (SI Table SS). Bioconcentration
factors (BCFs), calculated for each of the three PCDPS
congeners, ranged from 299 to 384 (L/kg wet weight). These
values were less than values reported for exposures to lower
concentrations,’” which indicated that a higher BCF value
tended to be associated with exposure to lower concentrations
of PCDPSs. At 120 hpf, acute exposures to individual PCDPS
congeners (dichloro- to heptachloro-diphenylsulfides) caused
various malformation phenotypes (SI Figure S4) and wavy
notochords were most prevalent in zebrafish larvae exposed to
2500 nM of 4,4’-di-CDPS, 2,2/,4-tri-CDPS, or 2,4,4',5-tetra-
CDPS (SI Figure SS).

Exposure to PCDPSs Altered Expression of Six
Common Differentially Expressed Genes. To explore
possible molecular mechanism(s) underlying the twisted and
kinked notochord observed, global transcript profiles in
zebrafish embryos at 21 hpf were investigated following
exposure to each of the three individual PCDPS congeners
(2500 nM) by use of RNA-seq All the identified DEGs are
listed in SI Table S6. Due to the limited number of DEGs, no
KEGG pathway was significantly enriched or modulated in the
treatment groups. Significantly enriched (corrected p-value
<0.05) Gene Ontology (GO) terms of development-related
biological processes included lipoprotein metabolic process,
lipid transport, insulin receptor signaling pathway, steroid
metabolic process, negative regulation of actin nucleation,
regulation of cell proliferation, and hemopoiesis.

To validate the expression profiles obtained by RNA-Seq,
qRT-PCR was performed for 10 genes including mt2, cypla,
apoea, hspb9, hspbll, sultébl, btr30, egin3, ppplrlSa, and
slc27a2a, as well as the reference gene, rpl8. The 10 genes were
chosen based on their potential to be codifferentially expressed
in at least two treatment groups. qRT-PCR results for the ten
genes were generally in agreement with those determined via
RNA-seq for all three PCDPSs treatment groups (SI Table
S7). A linear regression analysis also revealed a significant
relationship between log),-transformed fold-change values
derived from qRT-PCR and those obtained from RNA-seq
(SI Figure S6) (Pearson’s r = 0.898, p < 0.0001). These results
are indicative of the reliability/reproducibility of the data
obtained by RINA-Seq

Among the identified DEGs, mt2, cypla, apoea, hspb9,
hspbl11, and sult6bl were significantly altered by exposure to all
three individual PCDPS congeners (Figure 3). Of these, mt2,
cypla, apoea, and sult6bl were up-regulated, and hspb9 and
hspbll were down-regulated. It is well-known that cypla is
involved in xenobiotic metabolism.”> Up-regulation of
expression of cypla is also a well-established marker for
activation of Ahr2 in zebrafish.*® However, in zebrafish, it has
been reported that dioxins cause developmental toxicities
through a cypla-independent mechanism.*” Moreover, malfor-
mation of the notochord, such as the kinks and twists observed
in the present study, were not observed in zebrafish exposed to
dioxin or other DLCs, which are known to bind to and activate
the AHR, even though cypla was significantly up-regu-
lated.”>** It has been reported that mt2 regulates devel-
opmental angiogenesis, independent of its canonical protection
function against oxidative stress or metals.*® Up-regulation of
mt2 suggested that cardiovascular development and/or
function was potentially impaired by exposure to PCDPSs

through a dioxin-like mechanism.”” The mammalian ortholog
of sultébl was found to encode a phase II xenobiotic-
metabolizing sulfotransferase involved in the detoxification and
excretion of foreign compounds.’® Spinal curvature was
observed in hspbll morphant zebrafish embryos, which
suggested a potential role of hsps in notochord development.
Up-regulation of apoea was associated with growth of
peripheral nervous system axons,”’ which was suspected to
promote excessive growth of the notochord in PCDPS-exposed
zebrafish embryos. Collectively, it was reasonably speculated
that the alterations of hspb9, hspbll and apoea were more
likely associated with the development of the wavy notochord.
To examine this hypothesis, in vivo knockdown and gain-of-
function experiments were performed in zebrafish embryos by
microinjection of siRNA or mRNA.

PCDPS-Induced Wavy Notochord Was Phenocopied
by Decreased Expression of hspb9 and hspb11 in Early
Life Stages of Zebrafish Embryos. Based on the differential
mRNA expression of apoea (up-regulation), hspb9 (down-
regulation) and hspbll (down-regulation), determined by
RNA-Seq and qRT-PCR, apoea was overexpressed, and hspb9
or hspb11 were knocked down in vivo. Decreased expression of
mRNA for hspb9 and hspbll and increased expression of
mRNA for apoea were validated by use of QRT-PCR (SI Table
S8). Overexpression of apoea did not lead to occurrence of
wavy notochord at 21 hpf (Figure 4C and D). Up-regulation of
apoea gene might enhance neurotrophic effects on muscle to
compensate for the disruption of muscle architecture,”’ which
was indicated by the results of hspb9 and hspbll knockdown
experiments below. In addition, ApoE protein has been
reported to protect cells against oxidative stress by delivering
cholesterol and essential fatty acids to cells, clearing f-amyloid
peptide, reducing glial cell activation, limiting glutamate excite-
toxicity, and sequestering heavy metal ions.””

In embryos injected with 100 pg of hspb9 siRNA (Figure 4E
and F) and 400 pg of hspbll siRNA (Figure 4G and H),
pronounced notochord kinks were detected at 21 hpf with
incidences of 10% (9 of 88) and 4% (3 of 80), respectively.
Although the percentages were not large, effects were sufficient
to phenocopy PCDPS-induced wavy notochord. These results
demonstrated that down-regulations of hspb9 and hspbl1 were
likely associated with induction of wavy notochord during
zebrafish embryogenesis following exposure to PCDPS. Kliiver
et al. found that slow muscle myosin disorganization in skeletal
muscles led to formation of gaps between slow myofibers in
hspb11 morphant zebrafish embryos.”” Simultaneously, spinal
curvature was also observed in hspbll morphant embryos.
Another study on the mammalian ortholog of small heat shock
proteins also suggested that mutation could result in desmin-
related myopathy.” Thus, it was postulated that disruption of
muscle architecture induced by knockdown of hspb9 and
hspb11 would result in a partial loss of ability to bundle up and
support the notochord, thereby resulting in wavy distortions
accompanied by the initiation of spontaneous rhythmic trunk
contractions”* in embryos at 21 hpf.

Attempts were made to rescue the wavy notochord
phenotype from PCDPS exposure by injection of hspb9 or
hspb11 mRNA. Approximately 15—22% (12 of 79, 13 of 87, 14
of 65) and 7—12% (6 of 90, 7 of 71, 7 of 58) of hspb9 or
hspbll mRNA-injected embryos treated with 4,4'-di-CDPS,
2,2",4-tri-CDPS or 2,4,4',5-tetra-CDPS exhibited a rescued
notochord phenotype at 21 hpf (SI Figure S7). These results
indicated that restored expression of hspb9 or hspbll in
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Figure 4. Knockdown of hspb9 and hspbl1 results in strikingly wavy
notochords. Phenotypic observations of embryos microinjected with 2
nL of DEPC-treated water (A), 400 pg of siRNA negative control (B),
400 pg of S'-capped and 3’-polyadenylated transcripts encoding
ApoEa (C and D), 100 pg of hspb9 siRNA (E and F), and 400 pg of
hspb11 siRNA (G and H) at 21 hpf. The notochords are marked with
red curves. The arrows indicate multiple kinks caused by siRNA-
mediated transcriptional gene silencing of hspb9 or hspbll (E—H).
Scale bar: 500 ym in 70.8X magnification.

PCDPS-treated embryos prevented the wavy notochord
phenotype, although rates of rescue were low. The low
responses of siRNA knockdown experiments and the rescue
experiments might be because the injected siRNA or mRNA
did not enter the notochord and surrounding muscles in some
developing embryos, or levels of expression of mRNA or
protein varied among individuals. In addition, the sum of
rescue percentages (14%) in our study was comparable with
the 14% for sox9b mRNA-rescued jaw malformation induced
by TCDD reported previously.”® Overall, these results support
the hypothesis that PCDPS-induced wavy notochord in early
life stages of zebrafish embryos is related, at least in part, to the
suppressed expression of hspb9 or hspbl11. Certainly, there is a
possibility that wavy notochord is mediated by some other
unknown mechanism(s), which deserves further investigation
in future studies.

Body Growth Retardation Accompanied with Normal
Extension of Notochord Intensified the Level of
Notochord Kinks and Twists. No significant difference
was observed in notochord length between the control and

PCDPS treatments at 21 or 120 hpf (Figure S). However, the
ratio of notochord length to embryo/larva length, which was
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notochord length to embryo/larva length at 21 hpf (A) and 120 hpf
(B). Black columns represent embryo/larva lengths and the red
represent notochord lengths. Purple columns represent the ratio of
notochord length to embryo/larva length.

used to semiquantitatively characterize the level of notochord
kinks and twists, was significantly greater in embryos/larvae
exposed to each of the three PCDPS congeners at 21 and 120
hpf compared with the control (exception was 2,4,4',5-tetra-
CDPS-exposed embryos at 21 hpf; however, an increasing
trend was observed). At 21 hpf, body axis elongation was
inhibited only in embryos exposed to 2,2',4-tri-CDPS. The
results indicated that the notochord kinks and twists were not
likely triggered by a reduction in embryo length. As exposure
and development progressed, the reduction of body length
became more pronounced and significant for exposures to all
three PCDPSs at 120 hpf, which resulted in notochord to larval
length ratios exceeding one. These results indicated that
retardation of body growth intensified the level of notochord
kinks and twists caused by exposure to PCDPS. PCDPS
exposure seemed to preferentially disrupt body axis elongation
but not notochord extension. This may be driven by
differences in response to the cellular origins of the muscle
and notochord, i.e. myotomes and sclerotomes, respectively. In
addition, normal notochord length might also be associated
with up-regulation of apoea, which could promote growth of
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Figure 6. Schematic representation of the possible mechanisms underlying PCDPSs-induced wavy notochord.

notochord as well as peripheral nervous system axons,”'
thereby providing protective effects against PCDPS-induced
retardation of extension growth in PCDPS-exposed zebrafish
embryos.

Dysregulation of Genes Involved in Embryonic
Development and Growth May Be Related to the
Reduction of Embryo/Larva Lengths. It is worth
mentioning that, at 21 hpf, lengths of embryos were
significantly reduced only in embryos exposed to 2,2’,4-tri-
CDPS, which might explain why the ratio of notochord length
to embryo length was greater than those for the other two
PCDPS-treated groups. The significant body growth retarda-
tion might be related to altered expression of genes regulating
embryonic development and growth. Among the 42 genes
differentially expressed only in 21-hpf embryos exposed to
2,2/ 4-tri-CDPS (SI Table S6), 8, including foxo3b, tpbgl, irs2a,
insigl, bhmt, igfbpla, pfkfb3, and pthlb, are involved in
embryonic development and growth (Figure 6). Two of the
genes, foxo3b and tpbgl, were significantly up-regulated, while
the remaining 6, irs2a, insigl, bhmt, igfbpla, pfkfb3, and pthlb,
were significantly down-regulated. Mechanistically, exposure to
2,2',4-tri-CDPS might lead to the occurrence of insulin
resistance, similar to findings by Ruzzin et al. demonstrating

12836

that exposure to other POPs, including dichlorodiphenyltri-
chloroethane (DDT), PCDDs/Fs and PCBs, led to insulin
resistance syndrome.”” Dysregulation of apoea and insigl, two
major regulators of triglyceride and cholesterol biosynthesis,
could cause disruption of metabolism of lipids’**® and
contribute to development of insulin resistance and hyper-
insulinemia.”” >’ High levels of insulin decreased abundance
of bhmt mRNA and the rate of de novo mRNA transcription of
the gene,” thereby resulting in a possible compensatory
increase in the number of f-cells in pancreatic islets.®” This
would contribute to a potential further increase in insulin
levels. Hyperinsulinemia also inhibited transcription of igfbpla
and pfkfb3, which are involved in glucose metabolism during
embryonic growth.®®* In addition, insulin could cause
internalization of insulin receptors (Insr), followed by
degradation or inactivation, which could subsequently lead to
decreased transcription of irs2a under conditions of insulin
resistance.”* Pfkfb3 positively regulates insulin-stimulated Akt
signaling via phosphorylation of Akt.*® Irs2 also functions as a
positive regulator of insulin signaling through the Insr/Irs/
Phosphatidylinositol 3-Kinase/Akt cascade,”® whereas the Pth
family of hormones suppresses insulin signaling via reducing
phosphorylation of Akt.’” The consequent decreased phos-

DOI: 10.1021/acs.est.8b04487
Environ. Sci. Technol. 2018, 52, 12829—12840


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04487/suppl_file/es8b04487_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b04487

Environmental Science & Technology

phorylation of Akt lessened inhibition of Akt on FoxO3b
transcription factor.”® FoxO3b and Tpbgl (also known as Wnt-
activated inhibitory factors) negatively regulate Wnt signal-
ing,"””° thus transcriptional up-regulation of foxo3b and tpbgl,
observed in the present study, was speculated to inhibit
downstream Wnt signaling. It is known that Wnt signaling
plays a critical role in embryonic development and growth
through proper regulation of cell proliferation,”’ differ-
entiation’” and migration.73 Thus, exposure to 2,2,4-tri-
CDPS altered expression of mRNA of more genes involved in
the insulin-associated Irs—Akt—FoxO cascade compared with
the other two PCDPS congeners. Such effects on this cascade
could lead to insulin resistance syndrome-associated metabolic
disorders and eventually the significant reduction of embryo
lengths reported at 21 hpf. In 21-hpf zebrafish embryos
exposed to 2,4,4',5-tetra-CDPS or 4,4’-di-CDPS, expression
profiles of mRNA were consistent with those in zebrafish
embryos exposed to 2,2’ ,4-tri-CDPS for the insulin resistance-
associated genes mentioned above. This indicated that insulin
resistance syndrome-associated metabolic disorders could also
be present in zebrafish embryos exposed to 2,4,4’,5-tetra-
CDPS or 4,4’-di-CDPS. In-depth studies, such as measurement
of Akt expression/phosphorylation, expression of inhibitor
cytokines targeting Jak/Stat signaling, and glucose tolerance,
are necessary to definitively demonstrate the hypothesis of
insulin resistance. Unfortunately, it is difficult to do these
studies at such an early embryonic stage currently. However, as
we know, 21-hpf zebrafish have an undifferentiated pancreas
and a possible primordial liver bud (24—50 hpf),”* ‘which are
both major components of insulin signaling.”>’® Gene
pancreaticandduodenalhomeobox1 is first detected at the 10-
somite stage (~14 hpf), which indicates the earliest appearance
of pancreatic precursors.”® As development progresses, a dorsal
pancreatic bud begins to express insulin at the 12-somite stage
(~15 hpf).”® In addition, the earliest liver differentiation
marker thus far described in zebrafish, ceruloplasmin, is
detected in the dorsal endoderm at 16 hpf and in the early
hepatic cells in the yolk sac at 24 hpf.”* Take together, these
findings suggested that insulin signaling was really likely
involved with somatic growth at 21 hpf.

Additional genes associated with embryonic development
and growth were significantly codown-regulated following
2,2/ /4-tri-CDPS and 4,4'-di-CDPS exposure (egln3, ppplrlSa
and slc2742a) and 2,4,4',5-tetra-CDPS and 4,4’-di-CDPS
exposure (btr30). Previous studies demonstrated that down-
regulation of egln3, also termed prolyl hydroxylase 3, was
associated with abnormal development of blood vessels in
zebrafish embryos in a Hif-dependent manner’” and promoted
apoptosis in a Hif-independent manner in both peripheral and
central neurons.”®”” The mammalian ortholog of ppplriSa
was correlated with growth suppression and apoptosis through
modulating phosphatase activity.”” As a fatty acid transporter,
slc27a2a is involved in intracellular transport of fatty acids and
lipids.®" Finally, btr30 is inferred to be involved in
erythropoiesis in zebrafish.*> Overall, based on the mRNA
expression results, reduction of embryo/larva lengths might be
partly attributed to dysregulation of genes involved in insulin
signaling, thereby potentially leading to retardation of
embryonic development and growth. To facilitate under-
standing of this proposed possible mechanism underlying the
development of wavy notochord in early life stages of zebrafish
following exposure to PCDPS congeners, a schematic
representation is provided (Figure 6).

12837

Exposure to dithiocarbamate (DTC) pesticides, including
tetramethylthiuram disulfide (thiram), zinc dimethyldithiocar-
bamate (ziram), and sodium metam (NaM),*’ was shown to
cause a wavy distortion of the notochord—similar to PCDPSs
in this study—in zebrafish from 4 to 24 hpf with ECy, values of
7, 26, and 300 nM for thiram, ziram and NaM,
respectively.””** Existing studies show that the common
molecular mechanism for DTCs is different from that of
PCDPSs. Disruption of collagen 2al expression was found in
DTC-exposed zebrafish embryos, which infers that DTCs may
perturb early developmental processes related to collagen
formation and somitogenesis,”"** thereby impairing trunk
plasticity and resulting in the wavy distortion of the notochord
with the onset of spontaneous rhythmic trunk contractions.”*

In summary, the results of this study support the hypothesis
that down-regulation of hspb9 and hspbll plays a role in
development of wavy notochord in early life stages of zebrafish.
Suppressed expression of hspb9 and hspbl1 was postulated to
cause disruption of muscle architecture followed by a partial
loss of ability to bundle up and support the notochord leading
to wavy distortions. These effects were suggested to be
accompanied by initiation of spontaneous rhythmic trunk
contractions in embryos at 21 hpf. In addition, dysregulation of
several genes involved in the insulin-associated Irs-Akt-FoxO
cascade was proposed to explain the inhibition of body axis
elongation. Given that notochord growth was not affected, the
resulting compression force would result in more severe and
pronounced notochord kinks and twists as exposure and
development progressed. To our knowledge, this is the first
report revealing the potential molecular mechanism underlying
the wavy notochord phenotype induced by the emerging
DLCs, PCDPSs, in early life stages of zebrafish. Furthermore,
these effects of PCDPS provide novel insights into molecular
mechanisms—possibly downstream of Ahr2 or other nuclear
receptors/transcription factors—of dioxins/DLCs-induced ter-
atogenicity and developmental toxicity in early life stages of
vertebrates. Concentrations of PCDPS congeners used in the
present study, whereas several orders of magnitude higher than
those detected in surface waters, permitted the elucidation of
potential mechanisms that could lead to effects in more
sensitive species under field conditions. Given the possibility of
areas that are highly contaminated with PCDPSs due to their
widespread production and use, and the potential for PCDPSs
to bioaccumulate and biomagnify through the food chain,
further research to evaluate impacts on wildlife and human
health, especially in early life stages is warranted. Finally, our
findings provide experimental evidence to support the notion
that elevated body burdens of POPs are potential contributors
to the development of the worldwide prevalence of insulin
resistance and associated disorders, which is often observed in
obese and diabetic individuals and in individuals affected by
metabolic syndrome.
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Figure S1. Detailed plasmid maps and sequences of pcDNA3.1(+)-zfApoea (A),
pcDNA3.1(+)-zfHspb9 (B) and pcDNA3.1(+)-zfHspb11 (C).
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Figure S2. Time-course morphological analysis to capture time of onset of notochord
kinks and twists induced by exposure to 2500 nM of 2,4,4',5-tetra-CDPS, 2,2’,4-tri-CDPS
or 4,4’-di-CDPS. Two representative images of developing embryos at 21 and 23 hpf

were shown. Scale bar: 500 pm in 70.8x magnification.
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Figure S3. Representative confocal micrographs of notochord of zebrafish embryos
exposed to 0.5% (v/v) DMSO (A), 2500 mM 2,4,4",5-tetra-CDPS (B), 2,2',4-tri-CDPS (C)
or 4,4'-di-CDPS (D) at 21 hpf. The arrows indicate kinks caused by PCDPS exposure.

Scale bar: 30 pum in 103 x magnification.

S5



Normal

WN: wavy notochord
YSE: yolk sac edema
SC: spinal curvature
PE: pericardial edema
merem  TM: tail malformation

Figure S4. Representative optical images of deformed zebrafish larvae following
exposure to 0.5% DMSO (A), 2500 nM 2,2°,3,3’.4,5,6-hepta-CDPS (B), 500 nM
2,3,3’,4,5,6-hexa-CDPS  (C), 2500 nM 2,2°,3’4,5-penta-CDPS (D), 2500 nM
2,4,4',5-tetra-CDPS (E), 2500 nM 2,2’ ,4-tri-CDPS (F) or 2500 nM 4,4'-di-CDPS (G) at

120 hpf. Types of malformation observed included yolk sac edema (YSE), spinal
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curvature (SC), pericardial edema (PE), tail malformation (TM), and a unique wavy
notochord (WN) that was not observed in dioxin-exposed zebrafish. Scale bar: 1 mm in

27.7x magnification.
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Figure S5. Wavy notochords were present in almost all of the deformed zebrafish larvae
following exposure to 2500 nM of 2.4,4'5-tetra-CDPS (B), 2,2',4-tri-CDPS (C) or
4,4'-di-CDPS (D) at 120 hpf. Normal notochords of DMSO-exposed zebrafish larvae are

shown in panel A. Scale bar: 1 mm in 27.5% magnification.
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-1.04 ¢ Pearson's r=0.898, P<0.0001

log40(qPCR fold change)
o
i

-1.0 -0.5 0.0 0.5 1.0 1.5
log,¢(RNA-seq fold change)

Figure S6. Linear regression analysis comparing log;,-transformed fold-change values
derived from qRT-PCR with those obtained from RNA-seq. Points represent the fold
change in mRNA expression of genes selected from each treatment group. The dotted

lines represent 95% confidence intervals.
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500 pm

Figure S7. Representative images of rescued notochord phenotypes in Aspb9 or hspbll
mRNA-injected embryos following exposure to 4,4’-di-CDPS (A for hspb9, D for
hspbll), 2,2' 4-tri-CDPS (B for hspb9, E for hspbll) or 2,4,4',5-tetra-CDPS (C for
hspb9, F for hspbl1) at 21 hpf.
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Table S1. Retention time and quantitative ions of PCDPS congeners tested and the

internal standard.

Compound RT (min) Quantitative ions (m/z)
3C-PCB-31 11.15 268, 198

2,4,4' 5-tetra-CDPS  16.10 324,254

2,2" 4-tri-CDPS 15.12 288,220,218
4,4'-di-CDPS 12.14 254,218, 184
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Table S2. Recoveries of individual PCDPS congeners in exposure solutions and
zebrafish embryos (n=3; data represent mean = SD).

Compound Exposure solution (%) Zebrafish embryos (%)
2,4,4' 5-tetra-CDPS  110.6+10.4 105.5+£9.7

2,2 4-tri-CDPS 89.8+8.1 68.5+8.2

4,4'-di-CDPS 88.3£7.9 63.7+7.6
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Table S3. Primer sequences of the selected differentially expressed genes and reference

gene (rpl8) in zebrafish for qRT-PCR.

Gene Forward Sequence (5°-3’) Reverse Sequence (5°-3°) Accession number
apoea gacacactgatctctgacagca atcttcgttgaacttctgggct NM 001020565.1
btr30 agcaggcttcatttaatctctggac tgagtgcgatctgggcaaac NM_200422.1
cypla gcattacgatacgttcgataaggac gctccgaataggtcattgacgat NM 131879.2
egin3 gcattcgtgcgaggtcaaagge gcaatcccccatgttecttggea NM 213310.1
hspb9 tggacgaccctttctttgag gcattatttgggctctacgg NM 001114705.2
hspbll gagatgaggcacaacatgga ttgtttaacggcgagctctt NM_001099427.1
mt2 ctgcgaatgtgccaagactg aacgcagacgtggagtagac NM_001131053.2
ppplrisa gaagagcagtgggaagaagg ctgaactctcctcctgaaacg NM _001082921.1
slc27a2a ttagagtctggtgcgtectg acggttctgetgcttatga NM 001025299.1
sultobl gtgggcgactggaagaatca ctgcactggtgaaatcctgt NM_214686.1
rpl8 ttgttggtgttgttgctggt ggatgctcaacaggggttcat NM_200713
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Table S4. Sequences of siRNA oligo-duplexes employed to knock down mRNA

expression of specific endogenous genes in zebrafish embryos.

Target Gene Sense (5°-3’) Anti-sense (5°-3’) Accession number
hspb9 gaaugaacuuugugaagauuu aucuucacaaaguucauucuu NM 001114705.2
hspbl1 gagcaaugagagagugauuuu aaucacucucucauugcucuu NM_001099427.1
negative control  uucuccgaacgugucacgutt acgugacacguucggagaatt —
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Table S5. Measured concentrations in exposure solutions (nM) and zebrafish larvae (ng/g wet mass (wm)) following exposure to 2500
nM of three individual PCDPS congeners, and the corresponding bioconcentration factors (BCFs) at 21 hpf. Measured concentrations
represent the mean of three replicates = SE. BCF value was calculated as the ratio of measured concentration in zebrafish embryos
(ug/g, wm) to that in exposure medium (ug/mL) at 21 hpf.

Measured concentration B
Compound Nominal concentration (nM)
Exposure solution (nM) Zebrafish embryos (ug/g ww) CF
29
2,4,4' 5-tetra-CDPS 2439+24.1 236+7.0
9
33
2,2 4-tri-CDPS 2500 24474354 174+8.8
3
38
4,4'-di-CDPS 2410+£25.9 197+12
4
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Table S6. List of differentially expressed genes (DEGs) in zebrafish embryos exposed to 2500 nM of 2,4,4',5-tetra-CDPS,
2,2',4-tri-CDPS or 4,4'-di-CDPS, compared with DMSO-treated control at 21 hpf. Genes with a false discovery rate (FDR) g value <

0.05 were identified as DEGs using DESeq R package.

NCBI Fold change (FDR ¢ value)
Gene Gene full name/gene description Ensembl ID .

accession # 2,4,4' 5-tetra-CDPS 2,2' 4-tri-CDPS 4,4'-di-CDPS
rd37 ankyrin repeat domain 37 ENSDARG00000056376 NM 001145614 0.773 (1)" 0.269 (3.71x10%) 0.392 (0.142)7
a4b.2 apolipoprotein a-1V b, tandem duplicate 2 ENSDARG00000020866 NM_001128758 1.61 (1.16x1073) 1.32 (0.0808)" 1.37 (0.198)7
ea apolipoprotein ea ENSDARG00000102004 NM_001020565 2.06 (2.09%107) 1.79 (5.12x109) 2.18 (7.01x10%)
1t betaine-homocysteine methyltransferase ENSDARG00000013430 NM 001012480 0.939 (1)" 0.707 (3.73x1073) 0.751 (0.176)"
0 bloodthirsty-related gene family, member 30 ENSDARGO00000104912 NM_200422 0.227 (1.23x1073) 0.771 (1)7 0.216 (1.89x10+
23060.3 a long intergenic non-coding RNA* ENSDARGO00000105651 NA 0.726 (1)* 0.286 (0.0455) 0.441 (1)*
71955.3 bx571955.3% ENSDARG00000099324 NA 0.589 (1)* 0.032 (9.17x10) 0.504 (1)"
201103941.1 cabz01103941.1% ENSDARGO00000105129 NA 0.871 (1)7 0.714 (0.0166) 0.730 (0.0651)"
1 claudin 1 ENSDARG00000040045 NM 131770 0.709 (0.208)" 0.728 (0.0162) 0.798 (0.673)"
)la coronin, actin binding protein, la ENSDARGO00000054610 NM 201114 0.422 (0.0908)" 0.459 (0.0413) 0.465 (0.312)"
X coproporphyrinogen oxidase ENSDARG00000062025 NM_001040094 0.885 (1)" 0.717 (0.0351) 0.789 (0.885)"
88008.1 cr388008. 1% ENSDARG00000104748 NA 1.79 (1)* 3.44 (0.0295) 3.12 (0.166)"
0712.1 ct030712. 1% ENSDARGO00000044355 NA 0.488 (6.17x107%) 0.696 (0.981)7 0.462 (0.491)7
41402.1 cu041402. 1% ENSDARGO00000098072 NA 1.018 (1)* 0.0250 (0.0332) 0.023 (0.0651)"
la cytochrome p450, family 1, subfamily a ENSDARGO00000098315 NM 131879 16.3 (1.82x1079) 5.58 (2.15x10719) 4,73 (5.48x107)
[bl cytochrome p450, family 1, subfamily b, polypeptide 1 ENSDARG00000068934 NM_001045256 4.10 (3.33x1073) 2.12 (0.282)7 2.12 (0.491)7
24al cytochrome p450, family 24, subfamily a, polypeptide I =~ ENSDARG00000103277 NM_001089458 0.752 (1)” 0.491 (0.246)7 0.388 (3.79x10+
3 egl-9 family hypoxia-inducible factor 3 ENSDARG00000032553 NM 213310 0.836 (1)" 0.154 (3.51x10) 0.237 (8.30x10*
nl filamin binding lim protein 1 ENSDARGO00000071558 NM 001077303 0.711 (1)* 0.611 (0.0413) 0.652 (0.417)7
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3b

2ipb

h11

01882355
68866

alb
b3
2

5b
Iri5a
Ir3da
x/

forkhead box 03b

guanidinoacetate n-methyltransferase

glycine amidinotransferase (l-arginine:glycine
amidinotransferase)
glutamate  receptor, ionotropic, delta 2 (grid2)

interacting protein, b

heat shock protein beta-11

heat shock protein, alpha-crystallin-related, 9
insulin-like growth factor binding protein la
insulin induced gene 1

insulin receptor substrate 2a

lysosomal associated membrane protein 1
lymphocyte cytosolic protein 1 (L-plastin)
transmembrane protein 43-like*
serine/threonine-protein kinase pim-1-liket
metallothionein 2

prolyl 4-hydroxylase, alpha polypeptide I b
6-phosphofiructo-2-kinase/fructose-2,6-biphosphatase 3
pim-2 proto-oncogene, serine/threonine kinase
pyruvate kinase L/R

purine nucleoside phosphorylase 5b

protein phosphatase 1, regulatory subunit 15a
protein phosphatase 1, regulatory subunit 3da
peroxiredoxin 1

parathyroid hormone 1b

ENSDARG00000042904
ENSDARG00000070844

ENSDARG00000036239

ENSDARG00000095603

ENSDARG00000002204
ENSDARG00000078674
ENSDARG00000099351
ENSDARGO00000010658
ENSDARG00000037099
ENSDARG00000100181
ENSDARG00000023188
ENSDARG00000098297
ENSDARG00000093733
ENSDARG00000041623
ENSDARG00000071082
ENSDARG00000001953
ENSDARG00000059001
ENSDARG00000042010
ENSDARG00000099802
ENSDARG00000069135
ENSDARG00000077513
ENSDARGO00000058734
ENSDARG00000091961
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NM_131085
NM_001105595

NM 199531

NM 001044903

NM_001099427
NM_001114705
NM_173283
NM_199869
NM_ 200315
NA
NM_131320
NA

NA
NM_001131053
NM_214691
NM_213397
NM_131539
NM_201289
NM_ 001004628
NM_001082921
NM_001110412
NM_001013471
NM_212949

1.16 (1)
1.01 (1)

1.06 (1)*

0.762 (1)

0.555 (1.12x103)
0.431 (9.75x10°7)
0.832 (1)

0.879 (1)*

0.807 (1)*

0.742 (1)

0.693 (1)"

0.792 (1)!

0.909 (1)*

4.23 (2.96x1013)
0.952 (1)

0.821 (1)*

0.947 (1)

1.05 (1)

0.812 (1)*

0.728 (1)

0.549 (1)*

1.57 (0.207)"
0.220 (0.617)"

1.49 (0.0413)
0.689 (0.0413)

0.754 (0.0413)

0.596 (0.0351)

0.607 (5.41x10°)
0.491 (1.01x10°)
0.494 (7.38x107)
0.666 (0.0413)
0.492 (9.58x10°)
0.621 (5.63x10%)
0.603 (0.0413)
0.670 (0.0183)
0.361 (0.0759)
2.11 (2.67x107)
0.564 (0.0351)
0.508 (0.0146)
0.634 (0.0378)
0.699 (0.0413)
0.419 (7.00x10°)
0.428 (2.01x104)
0.347 (5.63x10)
1.60 (0.0345)
0.081 (2.97x10)

1.16 (1)
0.766 (1)"

0.824 (0.909)"

0.719 (1)

0.567 (1.96x10°
0.487 (5.89x10°
0.620 (0.491)
0.698 (0.312)
0.542 (0.130)
0.675 (0.261)
0.616 (0.218)
0.736 (0.520)"
0.257 (0.0460)
2.67 (1.94x10°10)
0.716 (1)

0.549 (0.142)
0.666 (0.312)
0.783 (1)*

0.662 (0.830)
0.484 (0.0111)
0.412 (0.105)"
1.50 (0.319)
0.173 (0.160)



11
5
h211-117m20.

h211-195b15.8
h211-211k8.12
key-66g10.2
key-85k7.7

7ala

6b1
J)

>

1
fb18f06
fc75a09
171927
172090
069

ras, dexamethasone-induced 1

RNA binding motif protein 5
transcobalamin-like’

dual specificity protein phosphatase 16-like*
si:ch211-211k8.127

cytokine activin*

si:dkey-85k7.7%

solute carrier family 27 (fatty acid transporter), member
2a

sulfotransferase family, cytosolic, 6b, member 1
trophoblast glycoprotein-like

WD repeat and SOCS box containing 1
wu.fb18f06%

wu.fc75a09%

zge:171927%

zge:172090%

zinc finger protein 1069

ENSDARG00000019274
ENSDARG00000098280

ENSDARG00000091996

ENSDARG00000094836
ENSDARG00000104986
ENSDARG00000092845
ENSDARGO00000101135

ENSDARG00000036237

ENSDARG00000086826
ENSDARG00000099609
ENSDARG00000021343
ENSDARG00000097635
ENSDARG00000089342
ENSDARGO00000033056
ENSDARG00000075626
ENSDARG00000104124

NM 200532
NM_ 001100138

NM 001252649

NA
NA
NA
NA

NM_001025299

NM 214686
NM_ 194392
NM._ 199633
NA

NA
NM_001102642
NM_001128253
NM_ 001109867

1.06 (1)*
0.803 (1)"

2.87 (0.294)"

0.857 (1)
0.520 (1)
0.795 (1)
0.860 (1)"

0.971 (1)

2.28 (9.69x10°15)
1.04 (1)

0.867 (1)

1.20 (1)

1.36 (1)*

16.0 (1)*

0.440 (0.976)"
0.932 (1)

0.606 (4.51x10)
0.718 (0.0260)

4.00 (5.12x10°)

0.617 (0.0413)
0.280 (3.86x104)
0.298 (0.0413)
0.259 (0.0184)

0.620 (3.51x10°)

1.90 (6.29x10°14)
1.46 (7.34x10)
0.604 (0.0413)
6.79 (2.23x10)
1.65 (0.0140)
45.8 (0.0295)
0.262 (0.0102)
1.96 (0.540)

0.629 (0.0674)"
0.756 (0.319)

2.60 (0.261)"

0.662 (0.491)
0.477 (0.614)
0.465 (0.999)
0.382 (0.614)

0.676 (0.0418)

1.71 (1.38x104)
1.34 (1)t

0.688 (0.747)"
0.886 (1)"

1.32 (1)*

18.0 (1)*

0.459 (0.775)
2.67 (3.32x10%)

"Not identified as DEGs because the FDR ¢ value is greater or equal to 0.05.

“Uncharacterized gene.
NA: Not available.
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Table S7. Comparison of relative fold changes in expression of mRNA determined by

use of RNA-seq and qRT-PCR.

2,4,4',5-tetra-CDPS 2,2',4-tri-CDPS 4,4'-di-CDPS
Gene gqRT-PC qRT-PC qRT-PC

RNA-seq RNA-seq RNA-seq

R R

apoea 2.05 1.79 1.79 1.86 2.18 1.51
btr30 0.227 0.719 0.771 0.686 0.216 0.841
cypla 16.34 15.75 5.58 5.37 4.73 5.00
egin3 0.836 0.384 0.154 0.090 0.237 0.417
hspbl1 0.555 0.412 0.607 0.447 0.567 0.299
hspb9 0.431 0.336 0.491 0.767 0.487 0.331
mt2 4.23 4.59 2.11 2.94 2.67 4.21
ppplrisa 0.728 0.303 0.428 0.200 0.484 0.492
slc27a2a  0.971 0.675 0.620 0.478 0.676 0.921
sultobl 2.28 1.96 1.90 1.73 1.70 1.38
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Table S8. The fold change of target mRNA expression (determined by qRT-PCR) in
zebrafish embryos injected with Aspb9 and hspbll siRNA or apoea mRNA at 21 hpf.
Data represent the average of three technical replicates = SE.

Zebrafish embryos injected with siRNA or mRNA  Fold change+SE

100 pg of hspb9 siRNA 0.863+0.07
400 pg of hspb11 siRNA 0.579+0.16
400 pg of apoea mRNA 17.5+0.9
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