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Abstract

Exposure to environmental toxicants during preconception have been shown to affect offspring
health and epigenetic mechanisms such as DNA methylation are hypothesized to be involved in
adverse outcomes. However, studies addressing the effects of exposure to environmental
toxicants during preconception on epigenetic changes in gametes are limited. The objective of
this study is to determine the effect of preconceptional exposure to a dioxin-like PCB (PCB126)
on DNA methylation and gene expression in testis. Adult zebrafish were exposed to 3 and

10 nM PCB126 for 24 hours and testis tissue was sampled at 7 days post-exposure for
histology, DNA methylation and gene expression profiling. Reduced Representation Bisulfite
Sequencing revealed 37 and 92 differentially methylated regions (DMRs) in response to 3 and
10nM PCB126 exposures, respectively. Among them 19 DMRs were found to be common
between both PCB126 treatment groups. Gene ontology (GO) analysis of DMRs revealed that
enrichment of terms such as RNA processing, iron-sulfur cluster assembly and
gluconeogenesis. Gene expression profiling showed differential expression of 40 and 1621
genes in response to 3 and 10nM PCB126 exposures, respectively. GO analysis revealed
differential expression of genes related to xenobiotic metabolism, oxidative stress and immune
function. There is no overlap in the GO terms or individual genes between DNA methylation and
RNAseq results, but functionally many of the altered pathways have been shown to cause
spermatogenic defects.

Impact statement: Our results indicate that exposure to dioxin-like PCBs during preconception
could affect testicular function by altering DNA methylation patterns, with significant implications

for reproductive health.



Introduction

Polychlorinated biphenyls (PCBs) are one of the most persistent and widespread group of
endocrine disrupting compounds in our environment. Although PCBs are no longer produced,
they remain a toxic legacy to the environment and to human health (Faroon and Ruiz 2016).
The most toxic PCBs are non-ortho substituted congeners (dioxin-like PCBs) such as 3, 3', 4, 4’,
5-pentachlorobiphenyl (PCB126) (Safe 1990). Both epidemiological and experimental studies
have demonstrated adverse effects of exposure to PCBs ranging from developmental defects to
reproductive abnormalities (Coulter et al. 2019; Khanjani and Sim 2007; Meeker and Hauser
2010). The reproductive abnormalities include disruption of endometrial physiology in females
and disruption of spermatogenesis in males. Decrease in sperm count is one of the most
sensitive indicators of dioxin and dioxin-like PCBs toxicity and spermatogenesis is considered a
window of susceptibility (Mocarelli et al. 2011). Several studies have demonstrated the impacts
of toxicant exposure during pre-conception on germ cell development as well effects on the next
generation (Day et al. 2016; Venkatratnam et al. 2021; Viluksela and Pohjanvirta 2019; Zhang

et al. 2020).

As epigenetic reprogramming occurs during spermatogenesis, there have been several studies
investigating the relationship between aberrant germ line epigenetic modifications (DNA
methylation and chromatin state) and testicular function. Epidemiological studies have
determined an association between dioxin-like PCBs and global DNA methylation in humans
(Kim et al. 2010; Lind et al. 2013; Pittman et al. 2020; Ruiz-Hernandez et al. 2015; Rusiecki
et al. 2008). Among elderly Swedish population, high levels of PCB126 are associated with DNA
hypermethylation (Lind et al., 2013). In young Icelandic Inuit and Korean populations persistent
organic pollutant exposure including dioxin-like PCBs is correlated with DNA hypomethylation

(Kim et al., 2010; Rusiecki et al., 2008). These contradictory findings could be due to age of the



study participants, presence of a mixture of POPs in human serum samples and the methods
used for quantifying global DNA methylation. Even though global DNA methylation quantification
methods provide useful information, they quantify methylation changes of transposable
elements such as LINE-1 or Alu repeats (Yang et al. 2004) or quantify total number of
methylated cytosines in DNA (Tellez-Plaza et al. 2014). Both these methods do not provide
functionally relevant information. In contrast, recent epidemiological and experimental animal
studies investigating transgenerational effects of exposure have used genomewide approaches
such as CpG arrays, MeDIP, RRBS or WGBS to quantify DNA methylation changes (Akemann
et al. 2020; Aluru et al. 2018; Manikkam et al. 2012; Pittman et al., 2020). Using bioinformatics

these changes have been associated with genes.

For instance, gestational exposure to dioxin (TCDD) has been shown cause transgenerational
effects in mice (Manikkam et al., 2012). Even though this study did not observe any phenotypic
changes in the testis in either the exposed or subsequent generations, they observed DNA
methylation changes in the F3 generation sperm epigenome. Similarly, developmental exposure
to TCDD has been shown to cause male specific reproductive defects in F1 and F2 generations
in zebrafish and these changes have been associated the phenotypes to testicular DNA
methylation changes (Akemann et al., 2020). These studies have established the potential long-
term effects of early life exposure to dioxin. However, very little is known about the effects of
exposure environmental chemicals during preconception, a susceptible window of germ cell
development (Heindel 2019). There is a growing consensus that preconception exposure to
environmental toxicants can adversely affect not only reproductive outcomes such as fertility
and pregnancy but also affect fetal development (Segal and Giudice 2019). Yet, the
mechanisms by which environmental chemicals disrupt germ cell development and function are

not well understood.



The objective of this study is to characterize the effects of exposure to a dioxin-like PCB
(PCB126; 3,3’,4,4’,5-pentachlorobiphenyl) on testis morphology and genome-wide changes in
DNA methylation and gene expression patterns. We used PCB126 as a model compound as it
is still present in the environment and in human blood samples (Xue et al. 2014). In addition,
PCBs (including PCB126) are categorized as group 1 human carcinogen by the International
Agency for Research on Cancer, an intergovernmental agency of the World Health Organization
(Lauby-Secretan et al. 2016). Furthermore, PCB126 is a well-established agonist of aryl
hydrocarbon receptor (AHR), a ligand-activated transcription factor and a member of the basic-
region-helix-loop-helix PER/ARNT/SIM (bHLH-PAS) superfamily of transcription factors (Avilla
et al. 2020). AHR activation regulates various signaling pathways including development,
detoxification, immune response, energy metabolism, nervous system and reproduction. We
exposed adult zebrafish to two different concentrations (3 and 10nM) of PCB126 for 24 hours
via water borne exposure and raised them in contaminant free water for 7 days before sampling
testis for histological, transcriptomic and DNA methylation profiling. We have previously
demonstrated that this exposure regime alters DNA methylation patterns in the liver and brain

tissues (Aluru et al., 2018).

Materials and Methods

Experimental Animals

The animal husbandry and experimental procedures used in this study were approved by the
Animal Care and Use Committee of the Woods Hole Oceanographic Institution. Adult
Tupfel/Long fin mutations (TL) strain of zebrafish were used in this study. Fish were maintained
in 10 L tanks (density of 2 fish per liter) at 284+0.5°C system water with a 14-h light, 10-h dark
cycle. The fish were fed twice daily; morning feeding with freshly hatched brine shrimp (Artemia
salina) and afternoon feeding with GEMMA Micro 300 microencapsulated diet (Skretting USA,

Tooele, Utah).



PCB126 Exposure

Adult male zebrafish (6 months old) were exposed to either 3 or 10 nM PCB126 or solvent
carrier (0.01% DMSO) in system water (475 mg/l Instant Ocean, 79 mg/l sodium bicarbonate
and 53 mg/l calcium sulfate; pH 7.2) for 24 h. We chose a 24 h exposure period based on our
previous study where similar route of exposure resulted in AHR activation (Aluru et al., 2018).
Exposures were carried out in 2 gallon capacity glass aquarium tanks in 5 L of water at density

of 1 fish per 1.25 L of water.

Each treatment had either 5 or 6 biological replicates. At the end of the exposure, fish were
transferred to clean water with constant aeration and heating and maintained for 7 days. Fish
were not fed during the 24 h exposure period. During the 7 days post-exposure, the husbandry
conditions were the same as described in the previous section. At 7 days post-exposure, fish
were euthanized with MS-222 (150 mg/1) buffered with sodium bicarbonate (pH 7.2) prior to
tissue sampling. We chose this experimental design in order to capture both primary and
secondary changes in DNA methylation and gene expression. Testis were dissected out and a
sub-sample was stored in 4% paraformaldehyde. Remaining sample of testis was snap frozen

in liquid nitrogen and stored at —80°C until nucleic acids were isolated.

Histological analysis

Testis tissue samples were fixed in 4% paraformaldehyde (PFA) for at least 24 hours followed
by dehydration through a series of graded ethanol solutions. Paraffin embedding and
hematoxylin and eosin (H&E) staining were done following established protocols by Mass
Histology services (Worcester, Massachusetts). Histology was done on testis from 6 animals
per treatment group and 5-6 slides were analyzed for each fish. Images were taken using 63x

objective on a Zeiss Airy Scan LSM800 confocal microscope.



Isolation of Total RNA and Genomic DNA

Simultaneous isolation of genomic DNA and total RNA was performed using the ZR-Duet™
DNA/RNA Mini Prep kit (Zymo Research, CA). RNA was treated with DNase during the isolation
process. DNA and RNA were quantified using the Nanodrop Spectrophotometer. The quality of
DNA and RNA was checked using the Agilent 4200 and 2200 Tape Station systems,

respectively. The DNA and RNA integrity numbers of all samples were between 9 and 10.

Quantitative Real-Time PCR

Complementary DNA was synthesized from 0.5 ug total RNA using the iScript cDNA Synthesis
Kit (Bio-Rad, CA). Quantitative PCR was performed with iQ SYBR Green Supermix in a MyiQ
Single-Color Real-Time PCR Detection System (Bio-Rad, CA). Real-time PCR primers used for
amplifying B-actin were 5’-CAACAGAGAGAAGATGACACAGATCA-3’ (Forward) and 5'-
GTCACACCATCACCAGAGTCCATCAC-3 (Reverse). These primers amplify both B-actin
paralogs (actb1 and actb2). Cyp1a forward and reverse primers were 5’-
GCATTACGATACGTTCGATAAGGAC-3 and 5-GCTCCGAATAGGTCATTGACGAT-3,
respectively. Both these primer sets span exon-intron boundaries to avoid any genomic DNA
amplification. These primers have been previously used to quantify cyp1a expression (Aluru et

al., 2018).

The PCR conditions used were 95°C for 3 min (1 cycle) and 95°C for 15 s/65°C for 1 min (40
cycles). At the end of each PCR run, a melt curve analysis was performed to ensure that only a
single product was amplified. Three technical replicates were used for each sample. A no-
template control was included on each plate to ensure the absence of background
contamination. We did not observe any significant differences in p-actin levels between DMSO
and PCB126 both in gPCR and in our RNAseq data. Relative expression was normalized to that

of B-actin (272°:; where ACt = [Ct(cyp1a)-Ct(B-actin)]). One-way ANOVA was used to determine



the effect of PCB126 on cyp7a induction (GraphPad Prism version 5.3). A probability level of

P <0.05 was considered statistically significant.

Reduced Representation Bisulfite Sequencing (RRBS) and Data Analysis

RRBS library preparation and sequencing was conducted by NXT-Dx, a Diagenode company
(Ghent, Belgium). Briefly, libraries were prepared from 500 ng of genomic DNA digested with 30
units of Mspl (New England Biolabs, MA), followed by end repair and A-tailing of DNA
fragments. Fragments were ligated with methylated Illumina adapters. Adaptor-ligated
fragments were size selected and then bisulfite converted using a commercial kit. Ligated
fragments were amplified and the resulting products were purified and 50 bp paired end
sequencing was performed on an lllumina HiSeg2500 platform. Sequence reads from RRBS

libraries were identified using standard Illlumina base-calling software (Cassava v.1.8.2).

Raw reads were pre-processed using TrimGalore (v0.4.3) and cutadapt (v1.12). FASTQC
(v.0.10.1) was used to determine the quality of the sequencing reads. Pre-processed reads
were aligned to the zebrafish genome (GRCz10) using the Bisulfite Analysis Toolkit (BAT;
(Kretzmer et al. 2017)). BAT is an integrated toolkit that includes aligning the reads to the
genome, calling differentially methylated regions (DMRs) using metilene (Juhling et al. 2016),
annotation of DMRs, statistical analysis and correlating DMRs with gene expression. This is in
contrast to prevalent methods where separate pipelines are used for mapping, DMR calling and
statistical analysis. A comparison of different DNA methylation profiling pipelines to identify
DMRs using RRBS data demonstrated that in most cases metilene has the highest precision

(Liu et al. 2020).

After the read mapping the sequencing runs, one control (D1) and one 3nM PCB126 group (P3-

12) were considered as outliers and were excluded from the subsequent analysis. Only cytosine



positions in a CpG context with at least 10 and at most 100 overlapping reads were considered.
The DMRs were required to contain at least 10 of such cytosines. The minimum difference of
mean methylation rates per group was at least 0.1 and only DMRs with an adjusted p-value of
0.05 were considered significant. The adjusted p-values were calculated using a Mann-Whitney
U test with Bonferroni correction (Juhling et al., 2016). We classified the DMRs into various
genic (promoters, introns and exons) and intergenic regions, CpG island and shores and

repetitive elements using UCSC table browser.

DMR Gene Ontology Enrichment Analysis

We used Genomic Regions Enrichment of Annotations Tool (GREAT) to associate DMRs with
genes (McLean et al. 2010). GREAT predicts gene functions of cis regulatory elements by
assigning each gene a regulatory domain. To use GREAT, we converted the genomic
coordinates of DMRs from GRCz10 version to Zv9 version of the genome using the UCSC

genome browser liftOver utility (https://genome.ucsc.edu/cgi-bin/hgLiftOver). We used default

parameters with a basal domain that extends 5 kb upstream and 1 kb downstream of the
transcriptional start site and conducted gene ontology (GO) (biological process and molecular

function) enrichment analysis.

RNA sequencing (RNAseq)

Stranded RNAseq library preparation using the Illumina TruSeq total RNA library prep kit and
50 bp single-ends sequencing on the HiSeq2000 platform were performed at the Tufts
University Core Facility. Raw data files were assessed for quality using FastQC (Andrews
2010) and pre-processed as described previously. Data analysis was done as described
previously (Aluru et al., 2018) by mapping the pre-processed reads to the Ensembl version 90
(GRCz10) of the zebrafish genome. Mapped reads were counted using HTSeq-count (Anders et

al. 2015). Statistical analysis was conducted using DESeq2, a Bioconductor package (Love et

9



al. 2014). DESeq2 uses a Wald test with Benjamini and Hochberg correction. Only genes with
false discovery rate (FDR;(Benjamini and Hochberg 1995) of less than 5% were considered to

be differentially expressed.

Gene Ontology (GO) term enrichment analysis was performed using gProfiler package g:GOSt
(Reimand et al. 2016). The up- and down-regulated differentially expressed genes (DEGs) from
the high PCB126 group were analyzed separately. Ensembl Gene IDs of DEGs were used as
input. The resulting output of significantly enriched GO Biological Process (BP) and Molecular
Function (MF) terms were used as input in REVIGO (Supek et al. 2011) to remove redundant
GO terms. The resulting GO terms were used to draw visualizations using CirGO (Kuznetsova
et al. 2019). CirGO allows hierarchical visualization, where the inner circle represents the parent
terms and the outer circle shows descendant child terms. Child terms are sorted based on

statistical significance and highlighted with a color gradient.

Raw RRBS and RNAseq data have been deposited into Gene Expression Omnibus (Accession
number GSE190741) and processed data has been deposited in Dryad (Aluru and Engelhardt
2022). In addition, the RRBS and RNAseq data can be visualized through the UCSC genome
browser track hub: http://www.bioinf.uni-leipzig.de/~jane/Neel/testisRRBSHub/hub.txt. The

instructions for visualizing the data are provided in the supplementary information.

Results

CYP1A expression in testis

We quantified cyp1a gene expression using quantitative real-time PCR, to confirm the activation
of AHR by PCB126 (Figure 1). There was a concentration dependent increase in cyp1a
expression. This result was confirmed by RNAseq with 190 and 480-fold induction in cyp1a

expression in response to 3 and 10 nM PCB126 exposure.

10



Histology

There were no discernible histological changes in testis in response to PCB126 exposure
(Supplemental Figure 1). Segmentation of different cell types using Image J did not show any
significant differences in the number of spermatogonia, spermatocytes and spermatids between
DMSO and PCB126 exposed groups (3 and 10 nM). The raw count data is provided in the

supplemental information.

DNA methylation profiles in testis

Using eRRBS, we sequenced an average of 11.9 million paired-end reads per sample. The
bisulfite conversion efficiency was 98-99%. The mapping efficiency was approximately 95%.
This is significantly higher compared to other mapping software such as Bismark (Krueger and
Andrews 2011). The total number of sequenced and mapped reads in all individual samples is
provided in Supplementary Table 1. Among all the sequenced CpG sites, on average
approximately 93% of them are methylated and 7% are unmethylated. The global CpG
methylation level in DMSO treated group was 85% whereas in the two PCB126 exposed groups
were 83% (Figure 2). The number of methylated and unmethylated CpG sites sequenced in

each sample is provided in Supplementary Table 2.

PCB126 exposure induced changes in DNA methylation

BAT analysis predicted 308 differentially methylated regions (DMRs) in 3nM PCB126 exposed
group but only 37 of them are statistically significant (adjusted p.value < 0.05; Supplemental
Figure 2A). Among them 10 DMRs were hypermethylated and 27 of them were
hypomethylated. The complete list of DMRs, their chromosomal coordinates and methylation
levels in DMSO and 3nM PCB126 groups are provided in the supplementary information
(3nM_PCB126_Metilene_DMRs.xlIsx). Nine out of 37 DMRs are located in chromosome 4 and

11



majority of them are hypomethylated (7 out 9). Annotation of DMRs revealed that a majority of
the DMRs are located in introns (20 DMRs), intergenic regions (8) and distal promoter regions
(5). The remaining DMRs are located in the proximal promoters (3) and exons (one DMR)
(Figure 3A). None of the DMRs overlapped with CpG islands and only one DMR was localized
to a CpG shore (chr23:34148838 - 34148922). DMRs also overlapped with various repetitive
elements (REs) with 19 DMRs associated with DNA repetitive elements, 4 DMRs with LTRs, 2

with LINE sequences and 12 with unannotated REs (Figure 3B).

In 10 nM PCB126 exposed group, 460 DMRs were predicted and 92 of them are statistically
significant (adjusted p.value < 0.05; Supplemental Figure 2B). Among the 92 significant
DMRs, 12 of them are hypermethylated and 80 DMRs hypomethylated. The complete list of
DMRs, their chromosomal coordinates and methylation levels in DMSO and 10nM PCB126
groups are provided in the supplementary information (10nM_PCB126_Metilene_ DMRs.xIsx).
We observed 34 DMRs localized to chromosome 4 and 31 of them are hypomethylated.
Annotation of DMRs revealed that majority of the DMRs are located in introns (36 DMRs),
intergenic regions (36) and distal promoter regions (9). The remaining DMRs are located in the
proximal promoters and exons (Figure 3A). Out of 92 DMRs, 6 of them overlapped with CpG
islands and another 14 are located in the CpG shores. Majority of the DMRs overlapped with

DNA (27), LTR (17) and rRNA (11) elements (Figure 3B).

We observed 19 DMRs to be common between the two PCB126 treatment groups. Among

them 14 and 5 are hypomethylated and hypermethylated, respectively. (Figure 4).

Gene Ontology (GO) term analysis of statistically significant DMRs revealed overlap in the
enriched terms between the two PCB126 treated groups. GO biological process (BP) parent
term cellular pigmentation (GO:0033059) and all its child terms - pigment granule dispersal
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(G0:0051876), pigment granule aggregation in cell center (GO:0051877), establishment of
pigment granule localization (GO:0051905) and pigment granule localization (GO:0051875) are
significantly enriched among the hypermethylated DMRs in 3nM PCB126 group (Table 1). In
10nM PCB126 group, hypermethylated DMRs are enriched in 2 pigment related GO terms as in
3nM PCB126 group (G0O:0051876 and GO:0051877). In addition, cation transport
(G0O:0006812) and ATP biosynthetic process (GO:0006754) are represented (Table 2).
Hypomethylated DMRs from 3 nM PCB126 group are enriched in GO BP terms related to RNA
processing (3' RNA processing and RNA polyadenylation) and nucleoside metabolic process
(GDP and ADP metabolic process) (Table 1). RNA processing terms are also enriched among
hypomethylated DMRs from 10nM PCB126 group. In addition, iron-sulfur cluster assembly
(G0:0016226), calcium-independent cell-cell adhesion (GO:0016338)

and gluconeogenesis (GO:0006094) terms are enriched in 10nM PCB126 group (Table 2).

GO molecular function terms enriched among 3nM and 10nM PCB126 group hypermethylated
DMRs include melatonin receptor activity and several ion channel activity terms. The
hypomethylated DMRs are enriched in GO MF terms related to nucleotide transferase activity

and ion binding activity in 3 and 10 nM PCB126 groups, respectively (Tables 1 and 2).

Transcriptional profiling

RNA sequencing revealed differential expression of 40 and 1621 genes in response to 3nM and
10 nM PCB126 exposure, respectively (5% FDR; Figure 5). Among the 40 differentially
expressed genes in 3nM PCB126 group, 26 genes were upregulated and 14 downregulated.
The upregulated DEGs represented in these GO terms are mainly classical AHR target genes
such as cyp1a, ahrra, tiparp etc. Downregulated genes include extracellular matrix proteins and

inflammatory response genes but there was no enrichment of GO terms.
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PCB126 10nM exposure group showed differential expression of 1621 genes, with 1140 and
480 genes that were up and downregulated, respectively. Gene Ontology analysis of
upregulated DEGs reveals enrichment of BP terms related to immune response and negative
regulation of developmental process (Figure 6A) and MF terms cytokine receptor binding
(Figure 6B). Downregulated DEGs are enriched in GO BP terms organelle organization, DNA
repair and cell cycle process (Figure 7A) and GO MF terms protein binding and microtubule

motor activity (Figure 7B).

There is a significant overlap between the two treatment groups. Out of 40 DEGs in 3nM
PCB126 group, 34 of them are found in 10nM PCB126 group (Table 3). The complete

annotated list of DEGs is provided in supplementary information (DEGs.xlIsx).

Relationship between PCB126 induced DNA methylation and gene expression changes

We observed one DMR to be significantly correlated with gene expression in the 3nM PCB126
group (Spearman's rank correlation test adjusted p-value < 0.05). In 10 nM PCB126 group, 9
DMRs showed significant correlation with gene expression (Table 4). However, the classical
inverse correlation between DNA methylation and gene expression was observed in 6 out of 9
DMRs (all in 10nM PCB126 group). A representative correlation plot showing inverse correlation
between DNA methylation (DMR_69) and gene expression (ENSDARG00000089382) is shown

(Figure 8).

Discussion

Our results demonstrate that PCB126 exposure altered DNA methylation and expression
patterns of several genes involved in testicular development. It is well established that
spermatogenesis is under the regulation of a complex network of steroid producing Leydig cells
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and various other cell types. PCB126 exposure predominantly caused DNA hypomethylation
and these regions are linked to the regulation of RNA processing, nucleotide metabolism and
gluconeogenesis. We also observed a small number of hypermethylated DMR in response to
PCB126 exposure and they are associated with regulating immune function and ion
transporters. These results suggest that dioxin-like PCB exposure alters a variety of important
functions associated with normal development of testis. However, these changes are not
mediated by alterations in the expression of DNA methyltransferases, enzymes involved in the
maintenance and establishment of DNA methylation, as we have shown previously in zebrafish
embryos (Aluru et al. 2015). This suggests that dioxin-like PCBs target different regions of the
genome for hypomethylation by recruiting DNA demethylation proteins and causing enzymatic
oxidation of 5-methylcytosine as shown with TCDD exposure-induced AHR activation in rodents
(Amenya et al. 2016) or by other mechanisms involving AHR as a reader and modulator of DNA

methylation (Habano et al. 2022).

PCB126 exposure caused significant hypomethylation of DNA in zebrafish testis. These results
are in agreement with previous experimental studies where dioxin and dioxin-like PCBs
exposure have been shown to cause DNA hypomethylation (Pittman et al., 2020; Vidali et al.
2021). It has been widely established that there are extremely high levels of transcription in
testicular cells and the high gene expression levels have been shown to be epigenetically
regulated by DNA methylation and histone modifications in meiotic and postmeiotic
spermatogenic cells (Soumillon et al. 2013). Gene Ontology analysis of hypomethylated DMRs
revealed that these regions are associated with RNA processing (post-transcriptional

regulation), nucleic acid metabolism and energy metabolism (gluconeogenesis).

During spermatogenesis, post-transcriptional regulation is an important process as the germ
cells experience extended periods of inactive transcription despite heavy translational
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requirements for continued differentiation and growth (Bettegowda and Wilkinson 2010). Any
perturbation to these mechanisms of posttranscriptional control during spermatogenesis could
result in nonviable gametes (Braun 1998; Idler et al. 2012). One of the main players in the post-
transcriptional regulation are RNA binding proteins (RBPs), an extensive group of proteins that
recognize and bind to specific sequences of RNA, and regulate their function (Sutherland et al.
2015). RBPs are highly expressed throughout spermatogenesis and have been well
documented as being essential to posttranscriptional control during all stages of germ cell
development (Paronetto and Sette 2010). Our RNAseq results show upregulation of several
nuclear and cytoplasmic RBPs in response to PCB126 exposure (rbm14a, rbom11, rbm38,
rbm46, rboms2b, hnrnpOa). Nuclear RBPs such as rbom11, 14a, 38 and 46 regulate nascent
MRNA (pre-mRNA) processing, including capping, polyadenylation, and splicing. Whereas
cytoplasmic RBPs bind mature mRNA sequences in the cytoplasm and direct mRNA transport,
competitive or co-operative interactions with translation machinery, and regulating mRNA
stability. Aberrant expression of RBPs has been shown to result in spermatogenic arrest and
sterility (Cooke and Elliott 1997; Yang et al. 2005; Zheng et al. 2021). Recent studies have
demonstrated that N6-methyladenosine (m6A) modified messenger RNAs (mRNAs) interact
with RBPs and regulate diverse processes including meiosis, DNA damage response, and germ
cell and neuronal development (Kasowitz et al. 2018; Tang et al. 2018; Wang et al. 2018;
Woijtas et al. 2017; Xiang et al. 2017). We recently demonstrated that developmental exposure
of zebrafish embryos to PCB126 altered m6A patterns in several mRNA transcripts, suggesting
that environmental chemicals can interfere with epitranscriptomic processes (Aluru and
Karchner 2021). Further work needs to be done to investigate the cross talk between DNA
methylation and epitranscriptomics and the potential role of environmental chemicals in affecting

this crosstalk.
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Another GO pathway significantly enriched among the hypomethylated DMRs is the nucleoside
metabolic process. Nucleosides are essential for nucleotide synthesis during spermatogenesis
and are supplied to the germ cells via tight junctions from the somatic sertoli cells (Bart et al.
2002). Adenosine, a purine nucleoside has been shown to be required for acquisition of sperm
motility (Aitken et al. 1986; Gerton et al. 2009). One of the genes represented in this GO term is
a NUDIX hydrolase (nudt18), an enzyme that carries out hydrolysis reactions, substrates of
which include dNTPs, non-nucleoside polyphosphates, and capped mRNAs (Carreras-Puigvert
et al. 2017; Mildvan et al. 2005). NUDIX enzymes have been shown to be upregulated in
response to cellular (oxidative) stress and are involved in clearing the cells of deleterious
metabolites, such as oxidized nucleotides, ensuring proper cell homeostasis. It is not surprising
based on the evidence that PCB126 induces oxidative stress genes (Aluru et al., 2018). Our
gene expression analysis shows upregulation of several oxidative stress genes (e.g.,
gstk1,gstt1b,gsto2, gsta2, nfe2l2a, nrros). We also observed nudt18 to be moderately
upregulated in 10nM PCB126 group but it is not statistically significant (log2FC 0.2, FDR 0.5%).
These results suggest that PCB126 exposure induced cellular stress in the testis and some of

the genes involved in maintaining cellular homeostasis are regulated by DNA methylation.

In addition, some of the hypomethylated DMRs seem to regulate genes associated with lron—
sulfur (Fe-S) cluster assembly, small inorganic structures constituting the catalytic site of a
multitude of enzymes including cytochrome P450s. It is not surprising given the fact that
PCB126 induces the expression of several cytochrome P450s and we observed upregulation of
several phase | and phase Il biotransformation enzymes that are dependent on Fe-S protein,
Ferredoxin. These results suggest that some of the fundamental players in xenobiotic

metabolism are under epigenetic regulation.
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Interestingly, a significant number of DMRs in both 3 and 10 nM PCB126 treated groups are
located in chromosome 4, a unique genomic region in the zebrafish genome with extensive
heterochromatin, presence of repetitive elements and lack of protein coding genes (Howe et al.
2013). In addition, majority of the genes present on chromosome 4 are unique to zebrafish and
do not have human orthologs. Considering the presence of high levels of DNA methylation in
the heterochromatic region (Richards and Elgin 2002), it is not surprising that PCB126 exposure
altered methylation patterns in this genomic region. The consequences of hypomethylation in
this region could have serious consequences on genome stability as repetitive elements can
move from one location to another. Further studies are needed to understand the consequences

of hypomethylation in this chromosome.

Even though majority of the DMRs were hypomethylated, PCB126 exposure also caused
hypermethylation of few genomic regions. Functional annotation of these DMRs suggest
enrichment of regions that regulate cellular pigmentation, particularly melatonin receptor activity.
It is not surprising given the evolutionarily conserved role of melatonin in the regulation of
hypothalamus-pituitary-testicular axis. Melatonin secreted by the pineal gland not only regulates
testicular function by acting on the hypothalamus and the anterior pituitary, but is also taken up
by the testis where it has been shown to modulate testicular activity (Frungieri et al. 2017). In
addition, testes has also been shown to synthesize melatonin (Gonzalez-Arto et al. 2016;
Tijmes et al. 1996), where it modulates cellular growth, proliferation, and testosterone secretion
by several testicular cell types. Melatonin also protects the testis against inflammation and
reactive oxygen species (ROS) from toxicant induced oxidative stress. In fact, low melatonin
levels have been associated with reduced sperm motility and abnormal sperm progression
(Rossi et al. 2014). Hypermethylation of regions that regulate genes associated with melatonin
secretion and activity could prevent local inflammatory and oxidative stress responses leading
to defects in testicular function and potential infertility.
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We observed classical responses to PCB126 exposure where genes associated with xenobiotic
metabolism were upregulated. Almost all of these are AHR target genes and have been shown
previously to be altered by dioxins and dioxin-like PCBs in a variety of animals including
zebrafish (Aluru et al. 2017; Aluru et al., 2018). These core set genes were upregulated in both
3 and 10 nM PCB126 exposed groups. In addition to the core set, we only observed very few
genes differentially expressed with 3nM PCB126 exposure. In contrast, we observed more than
1600 DEGs in response to 10nM PCB126 exposure. This is not surprising given the fact that
exposure to high concentrations of dioxin or dioxin-like PCBs alters the expression of genes
belonging to multiple physiological pathways and many of these changes could be secondary
and tertiary responses to exposure. Nevertheless, gene ontology term analysis suggests that
many of the upregulated genes are associated with immune function. Testis is considered an
immune privileged organ with tightest of all blood-tissue barriers in majority of vertebrates
(Cheng and Mruk 2012; Zhao et al. 2014). The blood-testis barrier protects immunogenic germ
cells from systemic immune attack, and impairment of immune homeostasis in the testis can
result in male infertility. Several environmental toxicants have been shown to disturb the blood-
testis barrier integrity by affecting the tight and gap junctions (Cheng and Mruk 2012). One
recent study has demonstrated that developmental exposure to TCDD induces testicular
inflammation (increase in macrophages) and this correlated with reduced fertility (Bruner-Tran et
al. 2014). Our results suggest that several genes associated with innate immune system are
upregulated suggesting that high concentrations of PCB126 exposure adversely impacts
immune homeostasis in the testis. In addition, exposure to this concentration downregulated
genes that are critical for proper sperm development. Further studies need to be conducted to
determine if preconceptual exposure to environmentally relevant concentrations of PCB126

(such as 3 nM used in this study) will affect sperm motility and fertilization success.
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With regard to correlation between DNA methylation changes and differential gene expression,
our results suggest a complex relationships with considerable involvement of chromatin
modifications. Although most DMRs seem unrelated to gene expression, a small proportion of
them showed classical inverse relationship between gene expression and DNA methylation.
Interestingly, the properties of these relationships appear quite complex, and the distance
between the DMR and the transcriptional start site provides relatively little information about the
sign of the correlation. To understand the roles of DMRs on gene expression, approaches such
as chromosome confirmation capture techniques (Hi-C) should be used to obtain high resolution
conformational features such as DNA loops. Despite very little correlation between DNA
methylation and gene expression, the alterations observed in these end points suggest that

PCB126 exposure significantly affects important players in testicular development and function.

Conclusions

In this study, we demonstrated that paternal preconception exposure to dioxin-like PCBs cause
concentration-dependent genome wide DNA hypomethylation in the developing germ cells.
These findings may have important implications to reproductive outcomes as majority of the
DMRs identified seems to regulate genes essential for spermatogenesis. Although future
studies should investigate the impacts of altered sperm DNA methylation on fertilization success
and embryo survival, the DMRs identified in this study may be good candidates to investigate
the role of DNA methylation in multigenerational effects of preconception exposure to dioxin-like
PCBs. Majority of the DMRs identified in this study are located in the intergenic regions and
their role in gene regulation needs to be experimentally validated. The availability of tools such
as Hi-C will help in assigning distant regulatory regions to their target genes, which is essential

for understanding the regulation of gene expression.
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List of figures
Figure 1. PCB126-induced cyp1a gene expression in the testis. Cyp1a expression was
quantified using real-time quantitative PCR and relative expression was calculated using the
delta Ct method. B-Actin was used as a reference gene. Values represent mean + SD (one-way

ANOVA; n = 5-6). * Represents significant difference from DMSO control (P <0.01).

Figure 2. Global CpG methylation levels in different treatment groups. The lower end of the box
shows the first quartile, the line the median and the upper end of the box the third quartile. The
upper whisker extends to the highest data point within 1.5 * IQR (IQR: the distance between first
and third quartile), the lower whisker to the respective lowest data point. The point shows an
outlier which is defined as a data point further away than the whiskers. These levels were
determined from RRBS sample analysis. The detailed methods are provided in the materials
and methods section. No significant difference in global DNA methylation was observed

(P <0.01; n=5-6).

Figure 3. Annotation of DMRs based on their genomic location (A) and repetitive elements (B).
A. DMRs are classified into genomic locations (exons, introns, proximal promoters (PP), distal
promoters (DP), intergenic regions (IGR), CpG islands (CpGi) and CpG shores (CpGs)). B.
DMRs are classified based on their overlap with repetitive elements (DNA repeats, long terminal
repeats (LTRs) and non-LTR elements (Long Interspersed Nuclear Elements (LINEs) or Short
Interspersed Nuclear Elements (SINEs)). Genomic location and repetitive elements were

identified using the zebrafish genome annotations available in the UCSC genome table browser.

Figure 4. Differentially methylated regions (DMRs) that are common to 3 nM and 10 nM

PCB126 treatment groups.
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Figure 5. Heatmap representation of differentially expressed genes in response to PCB126

exposure. Normalized read counts were used to plot the heat map.

Figure 6. Gene Ontology term visualization of biological process (A) and molecular function (B)
terms from enrichment analysis of high PCB-exposure induced upregulated genes. The
enriched GO BP and MF terms and the adjusted p.values were obtained from gProfiler were
used as input in REVIGO. A semantic similarity threshold of 0.7 was used to remove redundant
GO terms. Summarization and visualization of GO terms was carried out using CirGO software.

The detailed methods are provided in the materials and methods section.

Figure 7. Gene Ontology term visualization of biological process (A) and molecular function (B)
terms from enrichment analysis of high PCB-exposure induced downregulated genes. The
enriched GO BP and MF terms and the adjusted p.values were obtained from gProfiler were
used as input in REVIGO. A semantic similarity threshold of 0.7 was used to remove redundant
GO terms. Summarization and visualization of GO terms was carried out using CirGO software.

The detailed methods are provided in the materials and methods section.

Figure 8. Representative correlation plot showing a boxplot and scatterplot of mean methylation

(DMR_69) and expression (ENSDARG00000089382; zgc:158463) values including the

regression line (Spearman's rank correlation).
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List of tables

Table 1. Gene Ontology (GO) terms represented among DMRs in 3nM PCB126 group.

GO Biological Process GO ID Adjusted p.value
Hypermethylated DMRs
Pigment granule dispersal G0:0051876 < 0.0001
Pigment granule aggregation in cell center G0:0051877 < 0.0001
Establishment of pigment granule localization G0:0051905 0.0002
Pigment granule localization G0:0051875 0.0003
Cellular pigmentation G0:0033059 0.0003
Hypomethylated DMRs
RNA polyadenylation G0:0043631 0.0002
RNA 3’-end processing G0:0031123 0.0004
dADP catabolic process G0:0046057 0.0014
dGDP catabolic process G0:0046067 0.0014
GDP catabolic process G0:0046712 0.0014
GO Molecular Function
Hypermethylated DMRs
Melatonin receptor activity G0:0008502 0.0001
Inward rectifier potassium channel activity G0:0005242 0.0003
Voltage-gated potassium channel activity G0:0005249 0.0056
Potassium channel activity G0:0005267 0.0087
Potassium ion transmembrane transporter activity G0:0015079 0.0088
Hypomethylated DMRs
Polynucleotide adenylyltransferase activity G0:0004652 0.0001
Adenylyltransferase activity G0:0070566 0.0004
8-ox0-dGDP phosphatase activity G0:0044715 0.0011
8-ox0-GDP phosphatase activity G0:0044716 0.0011
8-hydroxy-dADP phosphatase activity G0:0044717 0.0011
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Table 2. Gene Ontology (GO) terms represented among DMRs in 10nM PCB126 group.

GO Biological Process GOID Adjusted p.value
Hypermethylated DMRs
Monovalent inorganic cation transport G0:0015672 < 0.0001
Pigment granule dispersal G0:0051876 < 0.0001
Pigment granule aggregation in cell center G0:0051877 < 0.0001
Cation transport G0:0006812 0.0002
ATP biosynthetic process G0:0006754 0.0003
Hypomethylated DMRs
RNA polyadenylation G0:0043631 0.0015
Iron-sulfur cluster assembly G0:0016226 0.0023
Calcium-independent cell-cell adhesion G0:0016338 0.003
RNA 3’-end processing G0:0031123 0.0032
Gluconeogenesis G0:0006094 0.0048
GO Molecular Function
Hypermethylated DMRs
Monovalent inorganic cation transmembrane transporter activity | GO:0015077 < 0.0001
Inorganic cation transmembrane transporter activity G0:0022890 0.0001
Melatonin receptor activity G0:0008502 0.0002
Cation transmembrane transporter activity G0:0008324 0.0003
Inward rectifier potassium channel activity G0:0005242 0.0005
Hypomethylated DMRs
lon binding G0:0043167 < 0.0001
Nucleic acid binding G0:0003676 < 0.0001
Metal ion binding G0:0046872 < 0.0001
Cation binding G0:0043169 < 0.0001
Organic cyclic compound binding G0:0097159 < 0.0001
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Table 3. List of genes that are expressed in fish exposed to both concentrations of PCB126 (3nM and 10nM). The expression levels

(log FC) and statistical significance (False discovery rate) are shown.

3 nM PCB126 10 nM PCB126
Gene Description Gene Symbol log FC | FDR log FC FDR
Hairy-related 6 her6 1.32 2.67E-02 | 1.29 7.86E-03
Inhibin subunit beta Aa inhbaa -1.47 2.44E-02 | -0.98 3.70E-02
Mitogen-activated protein kinase kinase kinase 15 map3k15 0.92 1.46E-02 | 1.46 2.09E-05
Solute carrier family 4 member 4a sic4a4a -1.07 2.67E-02 | -1.14 4.43E-03
Guanylate cyclase 1 soluble subunit alpha 1 gucylat 1.25 4.71E-04 | 1.88 1.63E-06
frizzled class receptor 9b fzd9b 1.53 4.54E-04 | 1.49 2.71E-04
si:ch211-195b13.1 si:ch211-195b13.1 1.59 1.86E-02 | 2.01 6.17E-04
Solute carrier family 3 member 1 slc3a1 -1.71 1.34E-03 | -1.32 4.77E-03
Sulfotransferase family 1, cytosolic sulfotransferase 1 sult1st1 1.48 3.80E-02 | 2.09 6.68E-04
Feline leukemia virus subgroup C cellular receptor family, | flvcr2a 1.89 4.48E-02 | 2.26 3.40E-03
member 2a
Complement component 1, q subcomponent binding c1gbp 0.66 2.35E-02 | 0.68 4.36E-03
protein
Integrin, beta-like 1 itgbl1 -1.38 1.58E-04 | -1.74 2.40E-06
Cytochrome c oxidase subunit 6B1 cox6b1 1.13 2.67E-02 | 1.67 2.25E-04
Cytochrome P450, family 17, subfamily A, polypeptide 2 cyp17a2 -1.54 4.48E-02 | -1.22 2.66E-02
Transmembrane protein 47 tmem47 1.04 2.67E-02 | 1.33 9.69E-04
Follistatin b fstb -2.17 2.53E-04 | -2.68 7.51E-06
Leucine-rich repeat containing G protein-coupled receptor | Igr4 -0.91 4.44E-02 | -0.67 3.83E-02
4
TCDD-inducible poly(ADP-ribose) polymerase tiparp 0.68 2.67E-02 | 1.41 2.40E-06
Cytochrome P450, family 1, subfamily B, polypeptide 1 cyp1bi 4.61 1.98E-06 | 6.32 1.82E-08
si:ch211-197g15.7 si:ch211-197915.7 1.09 2.35E-02 | 1.02 8.13E-03
Lymphatic vessel endothelial hyaluronic receptor 1a lyvela -2.38 1.51E-02 | -1.70 2.04E-02
FERM domain containing 4Bb frmd4bb 1.09 1.67E-02 | 0.90 1.26E-02
N-acetyltransferase 8-like nat8l 0.96 2.44E-02 | 1.22 8.08E-04
T cell immunoglobulin and mucin domain containing 4 timd4 3.91 1.39E-03 | 4.95 3.44E-05
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Rho guanine nucleotide exchange factor (GEF) 19 arhgef19 1.29 2.88E-02 | 1.51 2.52E-03
CXXC finger protein 5a cxxcba 1.08 2.35E-02 | 1.99 7.51E-06
AL807829.1 atp1aib 2.92 4.07E-02 | 2.85 1.08E-02
lipoprotein lipase Ipl -1.32 4.56E-02 | -1.06 2.62E-02
LincRNA FP017215.1 3.07 2.53E-04 | 4.14 2.74E-06
Cytochrome P450, family 1, subfamily A cypia 7.57 5.53E-10 | 8.96 6.55E-11
Cytochrome b5 type A (microsomal) cybba 2.61 3.92E-04 | 4.28 8.78E-07
Muscle, skeletal, receptor tyrosine kinase musk 2.56 1.40E-03 | 2.05 4.36E-03
Aryl-hydrocarbon receptor repressor a ahrra 4.90 1.58E-04 | 6.31 2.74E-06
Cytochrome P450, family 1, subfamily C, polypeptide 1 cypict 2.76 4.08E-03 | 4.22 2.09E-05
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Table 4. Correlation between DNA methylation and gene expression. BAT_correlate function was used to determine the

correlation. Mean methylation difference corresponds to the differentially methylated regions (DMRs) and log2 fold change

corresponds to gene expression. *The location of DMR_70 on chromosome 5 in danRer10 version of the zebrafish genome

converted to the exact location of DMR_34 in danRer7 version and therefore corresponds to the same gene. DMR_3 belongs to 3nM

PCB126 group and the rest of them are from the 10nM PCB126 group.

DMR_ID Gene ID Gene Name Mean Gene Spearman's
Methylation | expression | Correlation
Difference (log: fold (Adjusted
change) p-value)
DMR 3 ENSDARG00000028661 | Ciliary neurotrophic factor receptor (cntfr) | 0.14 0.78 0.0279
DMR_10 | ENSDARG00000015472 | Glypican 4 (gpc4) -0.23 0.0154
DMR_35 ENSDARGO00000069311 | Interleukin 15 receptor subunit alpha -0.2 0.0022
(il15ra)
DMR_34* | ENSDARG00000070845 | si:dkey-56d12.4 -0.18 1.89 0.0022
DMR_70* | ENSDARG00000070845 | si:dkey-56d12.4 -0.18 1.89 0.022
DMR_69 | ENSDARG00000089382 | zgc:158463 -0.2 1.21 0.0072
DMR_1 ENSDARGO00000069996 | DnaJ heat shock protein family (Hsp40) -0.4 0.9 0.0107
member B14 (dnajb14)
DMR 18 | ENSDARGO00000103318 | Mitochondrial ribosomal protein L3 (mrpl3) | -0.47 0.41 0.0011
DMR_22 | ENSDARG00000044718 | Vav 2 guanine nucleotide exchange factor | -0.20 -0.58 0.0046
(vav2)
DMR_30 | ENSDARG00000013312 | Ca**- dependent secretion activator 2 -0.20 -0.60 0.0004
(cadps?2)
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Supplementary information

Exposure to 3, 3’, 4, 4, 5-pentachlorobiphenyl (PCB 126) causes widespread DNA
hypomethylation in adult zebrafish testis

Neelakanteswar Aluru’ and Jan Engelhardt®?

'Biology Department and Woods Hole Center for Oceans and Human Health, Woods Hole
Oceanographic Institution, Woods Hole, MA 02543

%Bioinformatics Group, Department of Computer Science and Interdisciplinary Center for
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Supplementary Table 1. Total number of raw and mapped reads from RRBS samples.

Condition Sample ID Number of reads Number of mapped reads
DMSO D1 8,168,404 7,632,045 (93.43%)
DMSO D2 9,957,843 9,412,813 (94.53%)
DMSO D3 10,786,595 10,233,729 (94.87%)
DMSO D4 11,799,398 11,191,119 (94.84%)
DMSO D5 14,501,290 13,578,935 (93.64%)

3nM PCB126 P3-9 13,635,225 12,757,987 (93.57%)
3nM PCB126 P3-11 13,674,864 12,977,478 (94.90%)
3nM PCB126 P3-12 11,830,503 11,269,978 (95.26%)
3nM PCB126 P3-13 13,968,933 13,279,248 (95.06%)
3nM PCB126 P3-14 12,536,363 11,890,055 (94.84%)
3nM PCB126 P3-16 12,210,513 11,558,361 (94.66%)
10nM PCB126 P10-17 11,824,432 11,224,550 (94.93%)
10nM PCB126 P10-18 9,949,807 9,424,059 (94.71%)
10nM PCB126 P10-21 10,983,355 10,403,421 (94.72%)
10nM PCB126 P10-23 12,880,370 12,242,973 (95.05%)
10nM PCB126 P10-24 11,786,444 11,224,951 (95.24%)

Average 11,905,896 11,268,856 (94.65%)




Supplementary Table 2. Total number of methylated and unmethylated reads in each sample.

Condition Sample ID Unmethylated Methylated Global
CpGs (%) CpGs (%) methylation (%)
DMSO D1 74,718 (5%) 1,430,201 (95%) | 86%
DMSO D2 103,721 (6%) 1,646,267 (94%) | 85%
DMSO D3 122,507 (7%) 1,733,399 (93%) | 85%
DMSO D4 144,119 (7%) 1,816,488 (93%) | 84%
DMSO D5 168,425 (7%) 2,096,685 (93%) | 84%
3nM PCB126 P3-9 148,244 (7%) 1,979,684 (93%) | 84%
3nM PCB126 P3-11 152,740 (7%) 1,983,935 (93%) | 84%
3nM PCB126 P3-12 112,014 (6%) 1,769,691 (94%) | 81%
3nM PCB126 P3-13 153,408 (7%) 1,999,865 (93%) | 84%
3nM PCB126 P3-14 144,600 (7%) 1,923,376 (93%) | 84%
3nM PCB126 P3-16 165,813 (8%) 1,797,084 (92%) | 82%
10nM PCB126 P10-17 145,967 (8%) 1,757,976 (92%) | 82%
10nM PCB126 P10-18 117,585 (7%) 1,681,977 (93%) | 84%
10nM PCB126 P10-21 123,288 (6%) 1,805,228 (94%) | 84%
10nM PCB126 P10-23 149,059 (7%) 1,882,976 (93%) | 83%
10nM PCB126 P10-24 131,856 (7%) 1,764,152 (93%) | 83%
Average 134,879 (7%) 1,816,810 (93%) | 84%




Supplemental Figure 1. Hematoxylin and Eosin (H&E) staining of testicular tissue from
different experimental groups. Representative images from control, 3nM and 10 nM PCB126-
exposed groups are shown. Image J quantification did not reveal any significant differences in

total area occupied by different testis cell types (spermatogonia, spermatids and spermatozoa).




Supplemental Figure 2. Differentially methylated regions (DMRs) in response to PCB126
exposure. Volcano plots showing DMRs in response to 3nM PCB126 (A) and 10nM PCB126 (B)
exposure. Percent methylation difference (x-axis) between PCB126 and Control are plotted
against g-value (y-axis). Red vertical lines represent the methylation difference cutoff (15% for
3nM and 25% for 10nM PCB126) and the blue horizontal line represents a g-value of 0.05,
which are used as a statistical cutoff in differential methylation analysis. Each green and red

spot represents a statistically significant hypo and hypermethylated region, respectively.
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Instructions for visualizing the data RRBS and RNAseq data:

1. Go to UCSC genome browser home page (https://genome.ucsc.edu/).

2. Go to 'My Data'->'Track Hubs'->'My Hubs'

3. Paste " http://www.bioinf.uni-leipzig.de/~jane/Neel/testisRRBSHub/hub.txt" into the URL
window and click "Add Hub". This will load the data.

4. Click on the hyperlink danRer10 to view the data.

ﬁ‘ Genomes

Genome Browser

Mirrors Downloads My Data

Projects

About Us

Track Data Hubs

Public Hubs

My Hubs

Hub Development

Enter hub URLs below to connect hubs. Hubs connected this way are not accessible to other users by default.

If you wish to share your hub you can create a session link. First, connect the hub and configure the tracks image as desired,
resulting stable link can be added to publications and shared freely. You, as the author, also have the power to update the ses

URL to allow users to retain their browser configuration, connected hubs, and custom tracks.

Contact us if you wish to submit a hub to the list of public hubs.

URL:

| [Add Hub |

Display

Disconnect

Hub Name

Testis RRBS Hub

5. Screenshot of the data

Genomes Genome Browser

Mirrors Downloads

UCSC Genome Browser on Zebrafish Sep. 2014 (GRCz10/danRer10) Assembly

move | <<<| <<|<|>|>> |>>>|zoom in|1.5x | 3x | 10x | base | zoom out | 1.5x | 3x | 10x | 100x

multi-region | chr10:33,840,892-34,129,251 288,360 bp. | gene, chromosome range, or other position, see examples
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Click to connect and browse directly
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6. Type a DMR coordinates (e.g., chr4:30,435,323-30,435,952) or browse through the entire
data by each chromosome.
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