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Tris(1,3-dichloro-2-propyl) phosphate disrupts the trajectory of 
cytosine methylation within developing zebrafish embryos

Sarah Avila-Barnard, Subham Dasgupta, Vanessa Cheng, Aalekhya Reddam, Jenna L. 
Wiegand, David C. Volz*

Department of Environmental Sciences, University of California, Riverside, CA, USA

Abstract

Tris (1,3-dichloro-2-propyl) phosphate (TDCIPP) is an organophosphate ester-based flame 

retardant widely used within the United States. Within zebrafish, initiation of TDCIPP exposure 

at 0.75 h post-fertilization (hpf) reliably disrupts cytosine methylation from cleavage (2 hpf) 

through early-gastrulation (6 hpf). Therefore, the objective of this study was to determine whether 

TDCIPP-induced effects on cytosine methylation persist beyond 6 hpf. First, we exposed embryos 

to vehicle or TDCIPP from 0.75 hpf to 6, 24, or 48 hpf, and then conducted bisulfite amplicon 

sequencing of a target locus (lmo7b) using genomic DNA derived from whole embryos. Within 

both vehicle- and TDCIPP-treated embryos, CpG methylation was similar at 6 hpf and CHG/CHH 

methylation were similar at 24 and 48 hpf (relative to 6 hpf). However, relative to 6 hpf within 

the same treatment, CpG methylation was lower within vehicle-treated embryos at 48 hpf and 

TDCIPP-treated embryos at 24 and 48 hpf – an effect that was driven by acceleration of CpG 

hypomethylation. Similar to our previous findings with DNA methyltransferase, we found that, 

even at high μM concentrations, TDCIPP had no effect on zebrafish and human thymine DNA 

glycosylase activity (a key enzyme that decreases CpG methylation), suggesting that TDCIPP-

induced effects on CpG methylation are not driven by direct interaction with thymine DNA 

glycosylase. Finally, using 5-methylcytosine (5-mC)-specific whole-mount immunochemistry and 

automated imaging, we found that exposure to TDCIPP increased 5-mC abundance within the 

yolk of blastula-stage embryos, suggesting that TDCIPP may impact cytosine methylation of 

maternally loaded mRNAs during the maternal-to-zygotic transition. Overall, our findings suggest 

that TDCIPP disrupts the trajectory of cytosine methylation during zebrafish embryogenesis, 

effects which do not appear to be driven by direct interaction of TDCIPP with key enzymes that 

regulate cytosine methylation.
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1. Introduction

Tris (1,3-dichloro-2-propyl) phosphate (TDCIPP) is an organophosphate ester-based additive 

flame retardant and semi-volatile organic compound (SVOC) widely used within the United 

States (Dishaw et al., 2014; Doherty et al., 2019; Fu et al., 2013; Liu et al., 2016; McGee 

et al., 2012; Tran et al., 2021). As an SVOC, TDCIPP migrates from end-use products (e.g., 

polyurethane foam) into the air and partitions into environmental media such as indoor dust. 

For example, longer commutes are associated with increased human exposure to TDCIPP 

(Brandsma et al., 2014; Reddam et al., 2020), a finding that may be due to migration of 

TDCIPP from interior parts of vehicles such as car seats. In a cross-sectional European 

human biomonitoring study, TDCIPP and bis(1,3-dichloro-2-propyl) phosphate (BDCIPP, 

the primary metabolite of TDCIPP) were detected within 93% of hair follicle samples from 

mother-child pairs (Kucharska et al., 2015), suggesting that human exposure to TDCIPP is 

ubiquitous.

Previous studies using albino mice found that exposure to 10 μM TDCIPP decreased 

blastocyst formation and exposure to 100 μM TDCIPP was embryonic lethal, indicating 

that TDCIPP disrupted development of early mouse embryos in a dose-dependent manner 

(Yin et al., 2019). Within Chinese rare minnows, TDCIPP exposure induced apoptosis and 

altered multiple pathways related to DNA damage, effects that were due to TDCIPP-induced 

oxidative DNA lesions (Chen et al., 2019). Moreover, using zebrafish as a model, prior 

studies within our lab found that initiation of TDCIPP exposure at 0.75 h post fertilization 

(hpf) reliably disrupted DNA methylation from cleavage (2 hpf) through early-gastrulation 

(6 hpf) as well as induced epiboly delay or arrest during gastrulation (Dasgupta et al., 

2017, 2018, 2019; Kupsco et al., 2017; McGee et al., 2012). However, it’s unclear whether 

TDCIPP-induced effects on cytosine methylation occur during later stages of embryonic 

development.

Epigenetic reprogramming occurs during early embryonic development (fertilization 

through blastocyst formation) and is highly conserved across multiple model organisms 

(Breton-Larrivée et al., 2019; Efimova et al., 2020; Jessop et al., 2018). Following 

fertilization, three processes occur during epigenetic reprogramming: 1) demethylation 

of paternal DNA; 2) degradation of maternally-loaded mRNA; and 3) remethylation 

of the zygotic genome (Potok et al., 2013; Tadros and Lipshitz, 2009). Regulation of 

cytosine methylation is critical during the maternal-to-zygotic transition (MZT) in order 

to activate the zygotic genome (Potok et al., 2013). During epigenetic reprograming, an 

embryo progresses through a series of methylation and demethylation steps that drive key 

processes of development such as cell fate, tissue formation, organogenesis, and neuronal 

development. Once epigenetic reprogramming is complete, zygotic DNA transcription 

commences and the zygote decreases reliance on maternal mRNA for cellular maintenance 

and function (Tadros and Lipshitz, 2009). Therefore, epigenetic reprogramming is critical 

for proper embryonic development, as key developmental landmarks (e.g., organogenesis) 

are tightly regulated and coordinated by the timing of genome-wide transcription.

Cytosine methylation is highly conserved across mammalian species in long stretches of 

cytosine-guanine pairs, or CpG islands. Approximately 2–5% of all cytosines are methylated 
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in the mammalian genome, and methylated cytosines are found across the genome in 

a CpG, CHG, or CHH context (Fang et al., 2013). During epigenetic reprogramming, 

active methylation and demethylation are driven by enzymatic modification of cytosine 

into 5-methylcytosine (5-mC) by DNA methyltransferase (DNMT) as well as oxidation of 5-

mC into 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine by ten-eleven 

translocation (TET) enzymes. In addition, demethylase and thymine DNA glycosylase 

(TDG, coupled with base excision repair) are involved in decreasing 5-mC levels (Jessop 

et al., 2018). During early stages of development, regulation of cytosine methylation is 

necessary for the recruitment of transcriptional machinery and ultimately gene expression. 

Alterations in the normal trajectory of cytosine methylation may disrupt zygotic DNA 

transcription which, in turn, may adversely affect normal cell adherence, migration, viability, 

and division within developing embryos (Jones and Takai, 2001).

Using zebrafish as a model, the objective of this study was to determine whether TDCIPP-

induced effects on DNA methylation persist beyond 6 hpf as well as whether TDCIPP 

directly affects zebrafish and human TDG activity. In order to accomplish this objective, 

we relied on 1) bisulfite amplicon sequencing to test whether TDCIPP-induced alterations 

in cytosine methylation within a previously identified locus (lmo7b) persisted later in 

embryonic development; 2) thymine DNA glycosylase (TDG) activity assays to determine 

whether TDCIPP directly affects zebrafish and human TDG activity; and 3) 5-mC-specific 

whole-mount immunochemistry and automated imaging to investigate whether TDCIPP 

affected the abundance of 5-mC in situ within intact embryos.

2. Materials and methods

2.1. Animals

Adult wild-type (5D strain) zebrafish were raised and maintained and bred on a recirculating 

system using previously described procedures (Mitchell et al., 2018). Adult breeders were 

handled and treated in accordance with an Institutional Animal Care and Use Committee 

(IACUC)-approved animal use protocol (#20180063) at the University of California, 

Riverside.

2.2. Chemicals

TDCIPP (99% purity) was purchased from Chem Service, Inc. (West Chester, PA). 

Stock solutions of TDCIPP 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 solutions (1:1000 dilution of stock solutions) 

of vehicle (0.1% DMSO) and TDCIPP were prepared in particulate-free water from our 

recirculating system (pH and conductivity of ~7.2 and ~950 μS, respectively) immediately 

prior to each experiment.

2.3. Bisulfite amplicon sequencing (BSAS)

Based on our previous findings (Kupsco et al., 2017), we selected a concentration of 

TDCIPP (0.78 μM) that only induced a ~1.3-h epiboly delay at 6 h post-fertilization (hpf) 

in the absence of effects on embryo survival. To test whether TDCIPP-induced alterations 
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in cytosine methylation within a previously identified locus (lmo7b) (Dasgupta et al., 2019; 

Kupsco et al., 2017) persisted later in embryonic development, embryos (50 per replicate 

dish) were treated with 10 mL of vehicle (0.1% DMSO) or 0.78 μM TDCIPP from 0.75 

hpf to 6 hpf, 0.75 hpf to 24 hpf, or 0.75 hpf to 48 hpf in glass petri dishes (eight replicate 

dishes per treatment). Exposures were conducted under static conditions at 28 °C within a 

temperature-controlled incubator under a 14-h:10-h light:dark cycle. At 6, 24, and 48 hpf, 

100 surviving embryos were pooled from two replicate dishes (4 replicate pools per group), 

snap-frozen in liquid nitrogen, and stored at −80 °C. .

Genomic DNA (gDNA) was extracted, purified, and bisulfite-treated following previously 

described protocols (Kupsco et al., 2017). The region of interest (lmo7b) was PCR-amplified 

and amplicons were purified using previously described protocols (Kupsco et al., 2017). 

DNA quality was confirmed using an Agilent 2100 Bioanalyzer System (DNA 1000 and 

High Sensitivity DNA Kits for amplicons and libraries, respectively), and all amplicon 

and library concentrations were quantified using a Qubit 4.0 Fluorometer (Thermo Fisher 

Scientific, Waltham, MA, USA). Amplicons were pooled and libraries were prepared using a 

Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA), and all libraries were paired-

end sequenced on our Illumina MiniSeq Sequencing System using a 300-cycle High-Output 

Reagent Kit. Raw Illumina (fastq.gz) sequencing files (24 files) are available via NCBI’s 

BioProject database under BioProject ID PRJNA780909, and a summary of sequencing run 

metrics is provided within Table S1 (>88.51% of reads were ≥Q30 across all runs). Using 

previously described protocols (Kupsco et al., 2017), downstream analysis of quality control 

and methylation differences were identified within Illumina’s BaseSpace. MethylSeq was 

used to align reads and remove duplicate reads, and MethylKit was used for positions with 

≥10X CpG coverage to identify significant methylation differences relative to time-matched 

vehicle controls; q < 0.01 was used to minimize false positives.

2.4. Integration and analysis of BSAS data

Including this study, we have utilized BSAS across three separate studies to investigate 

methylation of lmo7b within 2-, 4-, 6-, 24-, or 48-hpf zebrafish embryos following exposure 

to vehicle (0.1% DMSO), 0.78 μM TDCIPP, or 3.12 μM TDCIPP. Raw Illumina (fastq.gz) 

sequencing files for all three studies are available via NCBI’s BioProject database under 

BioProject IDs PRJNA395080, PRJNA553577, and PRJNA780909. Cytosine report files 

containing methylation metrics and cytosine context (CpG, CHG, or CHH) data at base-pair 

resolution were obtained from MethylSeq output files for the current study as well as our 

two prior studies (Dasgupta et al., 2019; Kupsco et al., 2017). For each treatment replicate 

and timepoint, the <Sample>.CX_report.txt.gz report was downloaded, and raw text files 

were extracted, indexed, and, depending on the size of the file, trimmed manually or via 

MATLAB to focus only on positions containing cytosines mapped to Chr1. Trimmed files 

were then imported into R where package deployer and writexl were used to 1) remove 

negative strand data, 2) calculate the total number of methylated and unmethylated cytosines 

(see below for equation), 3) aggregate data by cytosine context, 4) filter out positions where 

the summation of count methylated and unmethylated were equal to 0, and 5) export output 

data into Excel files. Data were then combined into a single Excel file and compiled relative 

to stage (hpf) to be further trimmed by creating a column where the summation between 
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the count methylated and unmethylated could be used as a filter. Only positions with ≥10X 

coverage were used for statistical analysis.

Cs Metℎylated = Count Metℎylated
Count Metℎylated + Count Unmetℎylated ∗ 100%

Cs Unmetℎylated = Count Unmetℎylated
Count Metℎylated + Count Unmetℎylated ∗ 100%

2.5. Thymine-DNA glycosylase assay

We determined whether TDCIPP directly affects zebrafish and human TDG activity by 

1) extracting nuclear proteins from untreated zebrafish embryos and HepG2 cells and 2) 

quantifying TDG activity in vitro in the presence or absence of TDCIPP. Immediately 

after spawning, newly fertilized zebrafish eggs were collected and placed into groups of 

approximately 100 per glass Petri dish within a light- and temperature-controlled incubator. 

Zebrafish embryos (100 per replicate) were collected at 24 hpf and stored at −80 °C. HepG2 

cells were purchased from American Type Culture Collection (Manassas, VA, USA) and 

grown within T75 culture flasks (Millipore Sigma, St. Louis, MO, USA) using previously 

described methods (Cheng et al., 2021). HepG2 cells were grown to 75% confluency then 

collected after 24 h, lysed, and stored in the lysate at −80 °C. Nuclear proteins were 

extracted from whole zebrafish embryos and HepG2 cells using an EpiQuick Nuclear 

Extraction kit (Epigentek Group, Farmingdale, NY). Nuclear extracts were aliquoted and 

stored at −80 °C following the manufacturer’s instructions. Aliquots from each replicate 

were thawed on ice, pooled, and immediately analyzed using a BCA Protein Assay (Pierce 

Biotechnology, Rockford, IL, USA) to quantify protein concentrations. Absorbance was 

quantified using a Promega GloMax Multiplus Plate Reader/Luminometer, and total protein 

was quantified using a standard curve generated from bovine serum albumin (BSA).

TDG inhibition was quantified using an Epigenase Thymine DNA Glycosylase (TDG) 

Activity/Inhibition Assay Colorimetric Kit (Epigentek Group, Farmingdale, NY, USA). 

TDG activity within nuclear extracts (5 μg of protein per reaction) derived from 24-hpf 

zebrafish embryos and HepG2 cells was quantified in the presence of vehicle (0.1% DMSO) 

or TDCIPP (3.91, 7.81, 15.63, 31.25, and 62.5 μM). Four replicate reactions were conducted 

per treatment group. Absorbance was measured using a Promega GloMax Multiplus Plate 

Reader/Luminometer, and data were corrected for background and reported as relative 

fluorescence units. TDG activity was calculated using the following equation:

TDG Activity OD/min/mg = sample OD − blank OD
Protein Amount μg x90 minutes x1000

2.6. 5-mC-specific whole-mount immunochemistry and automated imaging

To investigate whether TDCIPP affected the abundance of 5-mC in situ, embryos were 

exposed to vehicle (0.1% DMSO) or TDCIPP (0.78 or 1.56 μM) from 0.75- to 10-hpf 

using procedures described above. Based on our previous findings (Kupsco et al., 2017), 
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we selected 0.78 and 1.56 μM TDCIPP since these concentrations only induced a ~1.3- 

and ~1.7-h epiboly delay, respectively, at 6 hpf. At exposure termination, embryos were 

fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. Fixed embryos were then manually 

dechorionated in a glass petri dish under a Leica MZ10 F stereomicroscope prior to storage 

in 1X phosphate-buffered saline (PBS) at 4 °C. Intact dechorionated embryos were then 

incubated with a 1:100 dilution of monoclonal mouse anti-5-mC antibody (Sigma-Aldrich, 

St. Louis, MO, USA) for 16 h at 4 °C, washed in 1X PBS +0.1% Tween-20 (1X PBST) three 

times for 15 min, and then incubated with a 1:500 dilution of AlexaFluor 488-conjugated 

goat anti-mouse IgG antibody for 16 h at 4 °C (Thermo Fisher Scientific, Waltham, MA, 

USA).

Using a Leica MZ10 F stereomicroscope, intact embryos were identified and transferred to 

clear polystyrene 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) containing 

250 μL 1X PBS per well, centrifuged for 3 min at 130 rpm, and then imaged (at 

2X magnification) under transmitted light and FITC using our ImageXpress Micro XLS 

Widefield High-Content Screening System. Within MetaXpress 6.March 0, 1658, each 

embryo was analyzed for total fluorescence area and integrated fluorescence intensity using 

custom automated image analysis procedures. After exporting data from MetaXpress into 

Excel files, R coding along with packages deployer and writexl were used to sort, summate 

data points for each well, filter by well number, and export summated data output from 

MetaXpress into an Excel file. A summary of our optimized protocol for labeling and 

imaging 5-mC is provided within Figure S1.

2.7. Statistical analyses

A general linear model (GLM) analysis of variance (ANOVA) (α = 0.05) and Tukey-based 

multiple comparisons were performed using SPSS Statistics 24 for detecting significant 

within-treatment and/or within-stage differences in context-specific cytosine methylation 

data, TDG assay data, and 5-mC IHC data. For BSAS-derived data from this study, percent 

methylation differences were grouped by hierarchical clustering within Morpheus (Broad 

Institute, Cambridge, MA, USA) using Euclidean distance with a complete linkage method.

3. results

3.1. TDCIPP-induced impacts on CpG methylation persist into later stages of 
development

We relied on BSAS to quantify alterations in cytosine methylation within a previously 

identified locus (lmo7b) that was susceptible to TDCIPP exposure. Relative to embryos 

exposed to vehicle (0.1% DMSO) from 0.75 to 6 hpf, CpG methylation of lmo7b was 

significantly decreased following exposure to the vehicle (0.1% DMSO) from 0.75 to 48 

hpf (but not 0.75 to 24 hpf) (Fig. 1; Table S2), whereas CHG and CHH methylation of 

lmo7b were not significantly different following exposure to the vehicle (0.1% DMSO) 

from 0.75 to 24 hpf nor 0.75 to 48 hpf (Fig. 1; Tables S2). Relative to embryos exposed 

to 0.78 μM TDCIPP from 0.75 to 6 hpf, CpG methylation of lmo7b was significantly 

decreased following exposure to 0.78 μM TDCIPP from 0.75 to 24 hpf and 0.75 to 48 hpf 

(Fig. 1; Table S2), whereas CHG and CHH methylation of lmo7b was not significantly 
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different following exposure to 0.78 μM TDCIPP from 0.75 to 24 hpf nor 0.75 to 48 hpf 

(Fig. 1; Tables S2). Overall, these data suggest that 1) exposure to 0.78 μM TDCIPP may 

accelerate CpG hypomethylation of lmo7b by at least 24 h and 2) effects of TDCIPP on CpG 

methylation persist until at least 48 hpf.

Within-stage and within-treatment effects on CpG methylation were then assessed on four 

positions on lmo7b (Chr1), all of which were localized to a single amplicon that was 

sequenced using BSAS. Based on this analysis, we found that the magnitude of within-

treatment effects (i.e., comparing 24 hpf or 48 hpf relative to 6 hpf within the same 

treatment) was higher than the magnitude of within-stage effects (i.e., comparing vehicle 

vs. TDCIPP within the same stage) (Fig. 2; Table S3), suggesting that, similar to overall 

CpG methylation (Fig. 1), CpG methylation at the position-level is strongly stage-dependent 

within both vehicle- and TDCIPP-exposed embryos. Moreover, we found that positions 

33,664,419 and 33,664,494 were more susceptible to TDCIPP-induced acceleration of 

CpG hypomethylation relative to positions 33,664,391 and 33,664,274 (Fig. 2; Table S3), 

suggesting that the effects of TDCIPP on CpG methylation within lmo7b may also be 

position-dependent (e.g., within regions that are CG-rich).

3.2. TDCIPP disrupts the normal trajectory of CHH methylation within lmo7b

Including this study, we have utilized BSAS across three separate studies to investigate 

methylation of lmo7b within 2-, 4-, 6-, 24-, or 48-hpf zebrafish embryos following exposure 

to vehicle (0.1% DMSO), 0.78 μM TDCIPP, or 3.12 μM TDCIPP. However, in our prior 

studies, we did not analyze raw percent methylation data at base-pair resolution by cytosine 

context (CpG, CHG, or CHH). Therefore, we downloaded cytosine report files to integrate 

lmo7b-specific data from all three studies and identify potential cytosine context-specific 

effects as a function of stage and/or TDCIPP concentration. As expected, we found that, 

across all stages and treatments, percent CpG methylation (>95%) was substantially higher 

than percent CHG and CHH methylation (<10% and <1%, respectively) (Fig. 3; Table S4). 

There were more cytosines on a single amplicon of lmo7b within a CHH context (52 total) 

relative to positions within a CpG context (6 total) and CHG context (19 total). Therefore, 

we detected significant differences in CHH methylation at 4-, 6-, 24-, and 48-hpf (relative to 

2 hpf) following initiation of exposure to vehicle (0.1% DMSO) at 0.75 hpf (Fig. 3; Table 

S4). However, this normal stage-dependent effect on CHH methylation was absent following 

exposure to 0.78 or 3.12 μM TDICPP, suggesting that, similar to CpG methylation, TDCIPP 

disrupts the normal trajectory of CHH methylation within developing zebrafish embryos 

(Fig. 3; Table S4).

3.3. TDCIPP does not affect zebrafish nor human TDG activity in vitro

TDCIPP concentrations ranging from 3.91 to 62.5 μM (the highest concentration tested) had 

no effect on zebrafish nor human TDG activity (Fig. 4), suggesting that TDCIPP-induced 

effects on cytosine methylation are not driven by direct interaction with thymine DNA 

glycosylase.
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3.4. TDCIPP increases 5-mC abundance within the yolk of blastula-stage embryos

We relied on 5-mC-specific whole-mount IHC and automated imaging to monitor TDCIPP-

induced effects on cytosine methylation in situ as a function of stage and TDCIPP 

concentration. At 2 and 4 hpf, the vast majority of 5-mC was detected within the yolk 

of developing embryos (Fig. 5; Table S5), suggesting that the anti-5-mC antibody we used 

also labeled yolk-localized maternal mRNA containing methylated cytosines. However, at 6, 

8 and 10 hpf, 5-mC was increasingly detected within portions of the cell mass, suggesting 

that cytosine methylation within the cell mass increases during gastrulation. Interestingly, 

using two different fluorescence-based measurements (total area or integrated intensity) as 

endpoints, we found that initiation of exposure at 0.75 hpf to 0.78 μM or 1.56 μM TDICPP 

resulted in a significant increase in yolk-localized cytosine methylation at 2 hpf and/or 4 

hpf relative to vehicle-exposed, phenotypically identical embryos at the same stage (Fig. 5; 

Table S5), suggesting that the downstream effects on TDCIPP on epiboly during gastrula 

(5.25–10 hpf) may be driven by disruption of yolk-localized cytosine methylation within the 

first 4 h of development.

4. Discussion

This study builds upon our previous research demonstrating that TDCIPP impacts cytosine 

methylation within developing zebrafish embryos (Dasgupta et al., 2019; Kupsco et al., 

2017; McGee et al., 2012; Volz et al., 2016). While we acknowledge that the nominal 

concentrations of TDCIPP (0.78 and 1.56 μM) used within this study may be higher 

than concentrations detected within blood and/or placental tissues, our study suggests that 

TDCIPP – if elevated in utero – has the potential to impact the normal trajectory of cytosine 

methylation during early stages of embryonic development. Human exposure to TDCIPP 

continues to be ubiquitous around the world, and the concentration of BDCIPP – a primary 

metabolite of TDCIPP detected in urine – within humans has increased over the past 15 

years (Hoffman et al., 2017). As the dynamics of cytosine methylation are highly conserved 

among mammalian species and critical for regulating cell differentiation (Martin and Fry, 

2018; Shen et al., 2007), our findings suggest that TDCIPP may impact cytosine methylation 

within mammalian embryos in addition to zebrafish embryos.

Interestingly, we found that TDCIPP-induced impacts on CpG methylation within lmo7b 
persisted into later stages of development, and the severity of this effect was dependent 

on the developmental stage, TDCIPP concentration, and chromosomal position. Although 

lmo7b was used as a readout for TDCIPP-induced effects on cytosine methylation in 

zebrafish embryos, we suspect that, similar to lmo7b, there may be genome-wide effects 

of TDCIPP on CpG methylation (Volz et al., 2016). Moreover, the magnitude of TDCIPP-

induced effects on CpG methylation across the genome may be associated with downstream 

effects during blastulation and gastrulation (e.g., epiboly delays, etc.), as regulation of 5-mC 

is necessary for signaling processes that specify cell tissue fate across multiple species 

(Bartels et al., 2018; Jones, 2012). Indeed, similar to our findings in zebrafish, prior studies 

have reported that TDCIPP exposure disrupts early mouse embryonic development by 

inducing uneven blastomeres and abnormal blastocyst formation (Yin et al., 2019) – effects 

that may be a result of aberrant CpG methylation following fertilization.
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Similar to CpG methylation, our analysis across a total of three BSAS studies (including this 

study) conducted within our lab revealed that TDCIPP also disrupts the normal trajectory of 

CHH methylation of lmo7b. To our knowledge, little is known about the role of CHH 

methylation in embryonic development, including within plants. In cotyledons, normal 

CHH methylation increases from 6% to 11% in earlier to later stages of development, 

respectively (An et al., 2017). In Arabadopsis, normal CHH methylation increases to 

25% in normal mature embryos during development followed by a decrease in CHH 

methylation during germination (Gutzat et al., 2020). In zebrafish, benzo [a]pyrene (a 

known human carcinogen) induces changes in CHH methylation within the first few hours 

of development (Corrales et al., 2014), suggesting that other environmental chemicals may 

have an impact on CHH methylation during zebrafish embryogenesis. Overall, little is 

known about the physiological importance and impacts of alterations in CHH methylation, 

underscoring the importance of future investigations into how these alterations impact 

epigenetic reprogramming and developmental landmarks such as the MZT.

Our prior study demonstrated that TDCIPP does not affect DNMT activity in vitro at 

concentrations as high as 500 μM (the highest concentration tested) (Volz et al., 2016). 

Similarly, in this study we found that TDCIPP did not affect zebrafish nor human TDG 

activity in vitro at concentrations as high as 62.5 μM (the highest concentration tested). As 

a result, our studies to date suggest that the impacts of TDCIPP on cytosine methylation do 

not appear to be driven by direct interaction of TDCIPP with key enzymes (such as DNMT 

and TDG) that regulate cytosine methylation. However, additional research is needed to 

confirm whether TDCIPP directly affects the activity of TET and demethylase, as both 

enzymes are, similar to TDG, involved in decreasing 5-mC levels.

5-mC is a direct and stable biomarker for detecting alterations in epigenetic modifications 

(Efimova et al., 2020). Although 5-mC is one of the most important RNA modifications 

and TET proteins are responsible for 5-mC oxidation, little is known about the biological 

significance of methylated RNA beyond potential functions in control/regulation of gene 

transcription and protein translation (Zhang et al., 2016). To our knowledge, this is the 

first study to successfully detect and quantify 5-mC levels in situ within zebrafish embryos 

during early development. Surprisingly, we found that exposure to TDCIPP increased 5-mC 

abundance within the yolk of blastula-stage embryos, suggesting that, in addition to impacts 

on DNA methylation within the cell mass, TDCIPP may affect cytosine methylation of 

yolk-localized maternal mRNAs during the MZT. During early zebrafish development, 

the translation and subsequent degradation of maternal mRNAs are essential for zygotic 

genome activation (Tadros and Lipshitz, 2009) – a process that is tightly regulated by 

zygotically-derived miR-430 that deadenylates and targets several hundred maternal mRNAs 

for clearance (Giraldez et al., 2006). Moreover, 5-mC-modifed maternal mRNAs are more 

stable than non-5-mC-modifed maternal mRNAs during early zebrafish embryogenesis 

(Yang et al., 2019), suggesting that an abnormal increase in 5-mC-modifed maternal mRNAs 

may stall maternal mRNA decay and lead to a disruption in the timing of the MZT as well as 

developmental landmarks such as epiboly.
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5. Conclusions

In conclusion, our findings show that TDCIPP disrupts the normal trajectory of cytosine 

methylation within developing zebrafish embryos. Specifically, we found that 1) TDCIPP-

induced impacts on CpG methylation persist into later stages of development; 2) TDCIPP 

disrupts the normal trajectory of CHH methylation within lmo7b; 3) TDCIPP does not affect 

zebrafish nor human TDG activity in vitro; and 4) TDCIPP increases 5-mC abundance 

within the yolk of blastula-stage embryos. Overall, our findings suggest that TDCIPP 

disrupts cytosine methylation of zygotic DNA within the cell mass as well as maternal 

mRNA within the yolk – effects that appear to be independent of direct interaction of 

TDCIPP with enzymes that regulate cytosine methylation. Importantly, TDCIPP-induced 

disruption of cytosine methylation during epigenetic reprogramming has the potential to 

lead to downstream effects on embryonic development as well as adverse outcomes into 

adulthood such as cancer. Indeed, TDCIPP was added to California’s Proposition 65 (Prop 

65) list in 2011 based on its potential to cause cancer within humans.

Interestingly, TDCIPP-induced impacts on methylation do not appear to be driven by 1) 

direct interaction of TDCIPP with key enzymes (such as DNMT and TDG) that regulate 

cytosine methylation (Volz et al., 2016) nor 2) effects on methyl donor concentrations 

(Kupsco et al., 2017). Therefore, our findings to date point to an alternative mechanism 

underlying aberrant methylation such as TDCIPP-induced oxidative stress. TDCIPP is 

known to induce reactive oxygen species (ROS) production within human neuroblastoma 

cells (Li et al., 2017), and the role of oxidative stress in modifying the epigenome has 

been recognized as an important mechanism driving carcinogenesis (Wu and Ni, 2015). 

Therefore, additional research is needed in order to explore alternative mechanisms (such as 

oxidative stress) underlying aberrant methylation as well as understand the potential impacts 

of TDCIPP-induced effects on 5-mC-specific methylation and stability of maternally loaded 

mRNAs during early embryonic development within zebrafish and other human-relevant 

models. In addition, more research is needed to assess the potential association of TDCIPP 

exposure and altered DNA methylation status within human populations that experience 

chronic and ubiquitous exposure.
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Fig. 1. 
Mean (± standard deviation) percent cytosine methylation of lmo7b in a CpG (A), CHG 

(B), or CHH (C) context following exposure of zebrafish embryos to vehicle (0.1% DMSO) 

or 0.78 μM TDCIPP from 0.75 hpf to 6 hpf, 0.75 hpf to 24 hpf, or 0.75 hpf to 48 hpf. 

Asterisk (*) denotes significant within-treatment difference (p < 0.05) relative 6 hpf; N = 4 

independent replicates of genomic DNA per group.
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Fig. 2. 
Differences in percent CpG methylation on four lmo7b positions following exposure of 

zebrafish embryos to vehicle (0.1% DMSO) or 0.78 μM TDCIPP from 0.75 hpf to 6 

hpf, 0.75 hpf to 24 hpf, or 0.75 hpf to 48 hpf. Data are presented as within-stage 

(relative to vehicle) and within-treatment (relative to 6 hpf) percent CpG methylation 

differences. Percent methylation differences were grouped by hierarchical clustering within 

Morpheus using Euclidean distance with a complete linkage method. N = 4 independent 

replicates of genomic DNA per group; ns = not significant. Blue circles denote a significant 

percent methylation difference less than zero (hypomethylation), whereas red circles denote 

a significant percent methylation difference greater than zero (hypermethylation). (For 
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interpretation of the references to colour in this figure legend, the reader is referred to 

the Web version of this article.)
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Fig. 3. 
Percent cytosine methylation of lmo7b at base-pair resolution in a CpG (A), CHG (B), or 

CHH (C) context within 2-, 4-, 6-, 24-, or 48-hpf zebrafish embryos following exposure 

to vehicle (0.1% DMSO), 0.78 μM TDCIPP, or 3.12 μM TDCIPP from 0.75 to 48 hpf. 

Squares denote percent cytosine methylation by position for each replicate. Blue denotes 

0% cytosine methylation, whereas pink denotes 100% cytosine methylation. Significant 

within-stage or within-treatment positions (p < 0.05) are outlined with a red or yellow box, 

respectively. N = 4 independent replicates of genomic DNA per group. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 4. 
Mean (± standard deviation) thymine DNA glycosylase (TDG) activity within nuclear 

extracts derived from 24-hpf zebrafish embryos and HepG2 cells following incubation in 

the presence of vehicle (0.1% DMSO) or TDCIPP (3.91, 7.81, 15,63, 31,25, and 62.5 μM). 

Numbers above bars denote number of replicate reactions conducted per treatment group.
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Fig. 5. 
TDCIPP-induced effects on cytosine methylation in situ as a function of developmental 

stage and TDCIPP concentration. Zebrafish embryos were exposed to vehicle (0.1% DMSO) 

or TDCIPP (0.78 or 1.56 μM) from 0.75- to 10-hpf and then processed for 5-mC-specific 

whole-mount immunochemistry. Intact embryos were imaged under transmitted light and 

FITC, and then analyzed using our ImageXpress Micro XLS Widefield High-Content 

Screening System. Representative images of 4-hpf embryos are shown in Panel A. Within 

MetaXpress 6.March 0, 1658, each embryo was analyzed for total area (B) and total 

integrated intensity (C) of fluorescence using custom automated image analysis procedures. 

Asterisk (*) denotes significant within-stage difference (p < 0.05) relative to vehicle 

controls. Numbers above bars denote number of intact embryos imaged per group. cm = 

cell mass; ys = yolk sac.
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