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Abstract

Dioxin was historically one of the most common industrial contaminants with several major 

industry accidents, as well as governmental actions involving military service, having exposed 

large numbers of the worldwide population over the past century. Previous rat studies have 

demonstrated the ability of dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)) exposure to 

promote the epigenetic transgenerational inheritance of disease susceptibility in subsequent 

generations. The types of disease previously observed include puberty abnormalities, testis, ovary, 

kidney, prostate and obesity pathologies. The current study was designed to use an epigenome-

wide association study (EWAS) to identify potential sperm DNA methylation biomarkers for 

specific transgenerational diseases. Therefore, the transgenerational F3 generation dioxin lineage 

male rats with and without a specific disease were compared to identify differential DNA 

methylation regions (DMRs) as biomarkers for disease. The genomic features of the disease-

specific DMRs were characterized. Observations demonstrate that disease-specific epimutation 

DMRs exist for the transgenerational dioxin lineage rats that can potentially be used as epigenetic 

biomarkers for testis, kidney, prostate and obesity diseases. These disease-specific DMRs were 

associated with genes that have previously been shown to be linked with the specific diseases. This 

EWAS for transgenerational disease identified potential epigenetic biomarkers and provides the 

proof of concept of the potential to develop similar biomarkers for humans to diagnose disease 

susceptibilities and facilitate preventative medicine.
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Introduction

Agent Orange was an herbicide/defoliant sprayed across Vietnam and Southeast Asia by the 

US Air Force during the Vietnam War. The most toxic byproduct contaminant present in 

Agent Orange was dioxin – 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [1, 2]. The soldiers 

handling this chemical were heavily exposed and thus at risk for exposure to TCDD. In 

addition, dioxin (TCDD) is a common pollutant from industry in most urban areas. Several 

major industrial accidents have occurred where the general populations were exposed [3, 4]. 

Dioxins are extremely lipophilic and persist in both the exposed individuals and the 

environment. The half-life of TCDD in the human body has been estimated to range from 7 

to 11 years [1, 2]. In rodents, TCDD has a half-life of weeks to years and can cause liver 

disease, weight loss, thymic atrophy and immune suppression [5, 6]. In humans, direct 

exposure to TCDD can influence chronic diseases such as lymphomas and leukemias [7]. 

Vietnam officials reported around 400,000 people killed or maimed, and 500,000 children 

born with birth defects after being exposed to Agent Orange [8]. Prostate cancer, multiple 

myeloma, type II diabetes, and spina bifida in children were reported to be associated with 

Agent Orange exposure [9]. TCDD exposure happened not only in Vietnam. In the 1970s, 

Italy, China and Taiwan had industrial accidents that exposed populations to TCDD [3, 4, 

10]. Various human exposures to TCDD have been documented and associated with a large 

number of different diseases [11–13]. The Developmental Origins of Health and Disease 

(DOHaD) paradigm is an expanding field of research focusing on the effects of chemical 

exposures such as dioxin on early-life development and the propagation of non-

communicable disease into adulthood [14]. However, the majority of these epidemiology 

studies have focused on direct adult and fetal exposures [15]. In the Seveso Italy population, 

health effects in the grandchildren have been shown, even three decades after the dioxin 

exposure [16]. In addition to health effects of direct parental exposures on the offspring, a 

number of studies have been conducted on the health consequences of ancestral exposures in 

future generations.

The biological mechanism underlying these phenomena are epigenetic transgenerational 

inheritance processes, a form of non-genetic inheritance [17]. Epigenetics is defined as 

molecular factors or processes around DNA that regulate genome activity, independent of 

DNA sequence, and are mitotically stable [18]. Epigenetic transgenerational inheritance 

involves the transmission of an altered epigenome and phenotypes through the germline 

across generations in the absence of continued direct environmental exposures [17, 19]. 

During fetal development, the primordial germ cells (PGCs) undergo DNA demethylation 

and then upon gonadal sex determination a remethylation in a sex specific manner in order 

to generate the sperm or egg [20]. Environmental exposures during this period of 

development can alter the reprogramming of germline epigenetics, and sometimes the 

altered DNA methylation appears to become permanently programmed, similar to the DNA 

methylation of an imprinted gene [18, 21]. The epigenetic changes are propagated from the 

male and female germline to the zygote, and subsequently to the embryo stem cells and 

subsequently all somatic cells, which then will result in an altered epigenome and 

transcriptome in the subsequent generations [18]. Various environmental exposures such as 

nutrition, stress and chemical insults have been shown to promote the epigenetic 
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transgenerational inheritance of adult onset disease in a wide variety of organisms from 

plants to humans [18]. These epigenetic changes could be used as potential biomarkers of 

exposure and disease [22]. Epigenetic molecular processes involve DNA methylation, 

histone modifications, non-coding RNA, chromatin structure, and RNA methylation [18]. A 

variety of environmental exposures and toxicants have been shown to promote the epigenetic 

transgenerational inheritance of disease [17, 21, 23–26]. Recent studies have demonstrated 

that ancestral environmental exposures promote the concurrent alterations of three different 

epimutations in sperm involving differential DNA methylated regions (DMRs), differential 

histone retention sites (DHRs) and ncRNA [27, 28]. The agricultural fungicide vinclozolin 

[29, 30], pesticide DDT (dichloro-diphenyl-trichloroethane) [31, 32], herbicide atrazine [23], 

and herbicide glyphosate [33] have all been shown to promote the epigenetic 

transgenerational inheritance of disease. In addition, the pathologies observed appear to be 

associated with unique epigenetic signatures of DMRs [23, 29, 31]. The current study 

investigates DMRs in association with specific transgenerational diseases.

In previous studies, we have shown that dioxin (i.e., TCDD) was able to promote epigenetic 

transgenerational inheritance of disease and DNA methylation epimutations in sperm [34, 

35]. When the F1 generation offspring directly exposed in utero were studied at one year of 

age, they were found to have a higher incidence of prostate disease in the males, primordial 

follicle loss in the females and polycystic ovarian disease compared to the control lineage 

[34]. The subsequent F3 generation great-grand offspring not directly exposed also appeared 

to have a significant increase in the frequency of male kidney disease, primordial follicle 

loss, polycystic ovarian disease, and female multiple disease compared to the control lineage 

[34]. As previously described, dioxin was found to promote major pathology through both 

direct exposure and ancestral exposure. These results are relevant to the human population 

since more data are accumulating on the health consequences of ancestral exposures to 

dioxin in future generations [34–37]. Understanding the biological mechanisms underlying 

this toxicant exposure induced transgenerational epigenetic inheritance is further 

investigated in the current study. The potent and persistent environmental contaminants such 

as dioxins should be major environmental concerns today for human health [38]. Dioxin-

induced alterations have been shown to be transmitted to the subsequent generations through 

the male germline to influence primordial germ cells reprogramming, which is a significant 

developmental window for disease susceptibility [22, 34, 36, 39, 40].

Individual animals were studied, and the specific pathologies in these transgenerational 

model systems were associated with specific epigenetic signatures (i.e., DMRs) for each 

toxicant exposure. Disease specific DMRs were identified for a number of these 

transgenerational pathologies, which shows that the establishment of an epigenetic 

biomarker for a specific disease and exposure is possible [23, 31, 33]. Although our previous 

study identified the ability of dioxin to promote the epigenetic transgenerational inheritance 

of pathologies and sperm epigenetic alterations in the transgenerational F3 generation [34], 

the potential that disease-specific epigenetic biomarkers exist has not been investigated. The 

current study provides evidence that these DMRs can be used as epigenetic disease specific 

biomarkers after an ancestral exposure to dioxin.
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Results

Animal Breeding

As previously described [34], F0 generation outbred Sprague Dawley female rats were 

administered daily intraperitoneal injections of dioxin (TCDD 100 ng/kg BW/day) or 

dimethyl sulfoxide (vehicle control) during embryonic days E8-E14 of gestation [34]. The 

lowest observable adverse effects level (LOAEL) is 160 ng/kg/BW [41]. Therefore, the 

exposure used in the current study is a low exposure level. The intraperitoneal exposure was 

used to better control the exposure dose as compared to oral administration. The F3 

generation is the first not directly exposed, thus called the transgenerational generation. All 

the animals were aged to 1 year and then euthanized by CO2 inhalation and cervical 

dislocation for pathology and sperm epigenetic analyses [34]. No sibling or cousin breeding 

was used to prevent any inbreeding artifacts in the control or dioxin lineages. All protocols 

and studies were approved by the Washington State University Animal Care and Use 

Committee (protocol IACUC # 6252).

Pathology Analysis

The archived pathology slides from the previous study [34] were used to reanalyze the 

pathology with more advanced digital pathology procedures. Images of the different 

pathology histologies have been previously reported [34]. Pathology analysis was performed 

by analyzing digitally captured images of histology sections of testis, kidney, and prostate. 

Two individuals blinded to exposure evaluated each tissue image for abnormalities. If there 

was disagreement about disease status, then a third individual blinded to exposure evaluated 

the tissue, as described in the Supplemental Methods. The disease parameters were 

identified and quantified, as previously described [23, 29, 31, 42]. The various tissue 

histological parameters used to identify pathology are outlined in the Methods, as well as 

other pathology conditions. For the F3 generation dioxin lineage male pathology, the 

individual animals are listed with a (+) that indicates presence of disease / pathology and a 

(−) that indicates the absence of disease (Table 1). To assess a statistical alteration in the 

dioxin lineage pathology, a comparison with the control lineage involving a vehicle exposure 

was analyzed for pathology as presented in Supplemental Table S1. The control animal 

lineage had minimal disease. For a specific pathology, individuals were only selected for 

epigenetic analysis if they had that single pathology. Animals with multiple diseases (≥2) 

were identified, but only one animal had multiple disease, so no further analysis of this was 

performed. This strategy allows for a more accurate association with epimutations and 

eliminates the confounding presence of other diseases. The dioxin induced transgenerational 

diseases / pathologies that had sufficient numbers of animals was prostate disease (3 males), 

kidney disease (6 males), obesity (4 males), and testis disease (8 males), Table 1. These 

individuals were used to investigate the sperm disease epigenetic biomarkers.

Sperm DNA methylation analysis

The archived sperm samples maintained at −80 °C from the previous study [34] were used to 

reanalyze the epigenetics with more advanced MeDIP-Seq technology than the tiling arrays 

previously used [34] on individual animals with specific disease. Sperm samples were 

collected from the dioxin lineage F3 generation individual males for epigenetic analysis. 
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Within the dioxin lineage, individual males with no disease were compared to individuals 

with a single specific disease (testis, prostate, kidney, or obesity) in order to determine the 

disease specific differential DNA methylation regions (DMRs) (Figure 1A–D). This 

eliminates the confounding effects of multiple disease and allows disease specific 

biomarkers to be identified.

The sperm samples were collected, then the DNA extracted, fragmented and the methylated 

DNA immunoprecipitated (MeDIP) using a methyl-cytosine antibody [27, 28]. The 

methylated DNA fragments were sequenced for an MeDIP-Seq analysis, as described in the 

Supplemental Methods section [21, 27, 28]. The DMR numbers are listed in Figure 1 for 

different edgeR statistical p-value cutoff thresholds, and p<1e-04 (diseased versus non-

diseased) were selected as the threshold for all subsequent analyses. The total number of 

DMRs (All Windows) if present for each disease and multiple neighboring 1000 bp 

windows (Multiple Window) are shown (Figure 1).

In our previous study, the reported transgenerational F3 generation sperm dioxin versus 

control lineage DMRs used three pools of different animals to determine the dioxin induced 

sperm DNA epimutations with tiling arrays [34]. In the current study, individual animals 

were used to identify the transgenerational F3 generation dioxin induced disease sperm 

DMR epimutations with MeDIP-Seq. With an edgeR p<1e-04, 177 DMRs were identified 

for the animals with prostate disease (Figure 1A). The animals with kidney disease had 130 

DMRs (Figure 1B). The obesity disease group was found to have 165 DMRs (Figure 1C). 

The animals showing testis disease had 123 DMRs (Figure 1D). None of these different 

groups displayed any DMRs with multiple neighboring 1000 bp windows (Figure 1A–D). In 

conclusion, the different diseases had altered DNA methylation in the F3 generation sperm 

at a p<1e-04. The disease specific DMRs with an edgeR p<1e-04 threshold are presented in 

Supplemental Tables S2–S5. The log-fold change in DNA methylation is presented and an 

increase in methylation was associated with 40% of the testis disease DMRs, 47% of the 

prostate disease DMRs, 42% of the kidney disease DMRs, and 35% of the obesity DMRs. 

The others all had a decrease in DNA methylation.

The disease specific DMR chromosomal locations are presented in Figure 2 where the DMR 

locations are represented by red arrowheads, and DMR clusters by black boxes. The 

prostate, kidney, obesity and testis disease biomarkers did not have any DMRs on the Y 

chromosome or the mitochondrial DNA (MT). Therefore, the DMRs were identified on 

nearly all chromosomes. DMR length and CpG density are shown in Figure 3. The CpG 

density of the DMRs for all comparisons was 1–4 CpG per 100 bp being predominant, 

which is characteristic of a low-density CpG desert. These observations were similar to our 

past studies with other ancestral exposures [34]. The DMR lengths for each disease 

biomarker were 1–4 kb with 1 kb being predominant, Figure 3. In general, the DMRs are 1 

kb in size with around 10 CpGs, as previously reported [43]. The DMR genomic features 

and chromosomal locations are presented in Supplemental Tables S2–S5. For the different 

disease DMR biomarker comparisons with non-disease (prostate disease DMRs, kidney 

disease DMRs, obesity disease DMRs, and testis disease DMRs), a principal component 

analysis (PCA) demonstrates a clustered separation of the prostate, kidney, obesity, and 

testis disease samples compared to the non-disease based on read depth at DMR sites 
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(Supplemental Figure S1). The PCA on DMR sites was performed to assess the potential 

presence of any outlier samples, of which none were observed. Therefore, the disease 

samples were distinct from the non-disease samples for each of the pathologies when 

considering read depth at DMR sites.

To compare and identify overlapping DMRs for each disease (testis, prostate, kidney and 

obesity), a Venn diagram of chromosomal location overlaps at the p<1e-04 threshold was 

used (Figure 4A). Negligible overlap is observed at the p-value (p<1e-04) threshold between 

the differential transgenerational DMR disease sites. This overlap analysis was further 

investigated with an extended overlap of the p<1e-04 DMRs. The DMRs with p<1e-04 were 

compared to DMRs with p<0.05 statistical threshold to allow for an increased potential to 

identify overlaps when a less stringent p-value was used. In all the comparisons, between 8 

to 17% overlaps were observed for each comparison, Figure 4B. An overlap of the disease-

specific DMRs with a p<0.05 is shown in Figure 4C. The total number of DMRs is 

dramatically increased at this lower statistical threshold. Only 63 DMRs had an overlap with 

all diseases at p<0.05, Figure 4C. These 63 overlapping p<0.05 DMRs were compared to the 

p<1e-04 disease specific DMRs and few overlapping DMRs were identified, Figure 4D. 

Therefore, no overlapping group of DMRs for all diseases was identified, but some overlap 

is observed between comparisons of two diseases. Observations indicate that the DMRs 

identified are primarily specific to one disease / pathology, but approximately 15–25 DMR 

overlapped at the reduced statistical threshold for specific disease comparisons.

DMR Gene Associations

Genes associated with the DMRs were identified for each disease specific DMR data set. 

The DMRs with a gene within 10 kb distance, in order to include promoters, were 

determined as well as the associated genes and gene functional categories (Supplemental 

Tables S2–S5). The DMRs with a p<1e-04 were used for this analysis on the different 

diseases. For all the different disease specific DMRs approximately 50% had gene 

associations. The DMR associated gene categories demonstrated several relevant gene 

categories such as signaling, metabolism, transcription, receptor and cytoskeleton for all the 

different disease DMR signatures, Figure 5A. A cellular KEGG pathway analysis was 

conducted to determine the associated genes for each DMR data set, as described in the 

Supplemental Methods. The top ten pathways with associated genes are presented, Figure 

5B. The cellular pathways identified also had signaling and critical cellular processes 

involved.

Potential dioxin transgenerational disease specific DMR associated genes were analyzed for 

genes previously shown to associate with the specific diseases, Figures 6 & 7. The prostate 

disease DMR associated genes had a number of genes linked to prostate physiology and 

some linked to subfertility, Figure 6A. The kidney disease DMR associated genes had a 

large number of genes linked to kidney physiology and disease and some linked to kidney 

hypocalciuria, Figure 6B. The obesity DMR associated genes had a number of genes linked 

to obesity and some associated with diabetes and insulin resistance, Figure 7A. The testis 

disease DMR associated genes had a number of genes linked to testis physiology and male 

infertility, Figure 7B.
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Discussion

Humans and other animals are exposed to a wide array of man-made toxicants. Many of 

them act as environmental toxicants or endocrine disruptors that can exhibit differential 

effects across the lifespan [40]. Various human exposures to dioxin (TCDD) have been 

documented and associated with a large number of different diseases and pathologies. 

However, the majority of these epidemiology studies have focused on direct adult and fetal 

exposures [15]. Despite having thousands of man-made substances released into our 

environment each year, prospective risk assessment studies of these potentially harmful 

chemicals on human health are often not required by current regulations [44].

Human toxicant exposures have also been associated with military service. During the 

Vietnam War (1964–1975), thousands of pounds of Agent Orange, a highly toxic herbicide 

and defoliant, were sprayed by the U.S. military over large areas of dense jungles in south 

and central Vietnam to destroy the ground cover it provided to enemy troops [45]. An 

estimated 1.5 million American servicemen are believed to have been exposed to dioxin as a 

consequence of Operation Ranch Hand. Some of these veterans reported skin rashes 

(chloracne), cancer, psychological symptoms, birth defects in their children, and other health 

issues [1]. Agriculture crops and inhabited villages were also sprayed, resulting in the 

exposure of Vietnamese residents. Many of them continue to experience a wide range of 

health issues including high incidence of early pregnancy loss, congenital birth defects and 

serious health problems, such as cancers, in surviving children [46–50].

Since transgenerational inheritance of these detrimental health effects or diseases to 

subsequent generations can occur, the populations present today that were ancestrally 

exposed to dioxin (TCDD) is of critical relevance. Dioxin exposure has been linked in the 

past to epigenetic modifications in rats [22, 34, 35, 37, 40, 51, 52] and in humans [53–56]. 

The present study shows DNA methylation alterations associated with ancestral exposure to 

dioxins and disease-specific epimutation biomarkers for different pathologies identified. The 

pathologies studied include kidney disease, obesity, testis disease, and prostate disease. 

Kidney and prostate diseases are especially relevant to human populations since both are a 

major cause of disease and mortality among male humans [57, 58]. According to the Centers 

of Disease Control (CDC), the prevalence of obesity in the USA was 42.4 million in 2017–

2018 [59]. The association of epigenetic biomarkers with these diseases could become 

particularly valuable indicators of disease susceptibility in the human population. Genome-

wide association studies (GWAS) have found specific genetic mutations associated with 

these human pathologies, however these genetic mutations typically appear in less than 1% 

of the diseased population.

In contrast, epigenetic alterations called epimutations seem to have a higher frequency and 

appear in most individuals with the disease [23, 29, 31]. The current study supports this 

observation where the number of differential DNA methylation regions (DMRs) in the 

transgenerational males is between 100 and 200 at an edgeR p<1e-04 threshold for each 

individual pathology (Figure 1). A subpopulation of DMRs overlapping between the 

different individual disease pathologies was not identified (Figure 4B). An overlap analysis 

of the disease-specific DMRs demonstrates some of the DMRs overlap between two 
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different diseases, but none overlapped between all four different diseases, Figure 4. 

Therefore, an overlapping set of DMR associated with all general disease susceptibility was 

not observed. The DMR associated genes show that the most affected gene categories were 

signaling, metabolism, and transcription. In addition, a large number of previously identified 

disease-associated genes were present in the DMR associated gene list, Figures 6 & 7.

A limitation of the current study was the low numbers of animals with a specific individual 

disease. Although an edgeR p-value was used to identify and analyze the disease biomarker 

DMRs, analysis for multiple testing error for false discovery rate (FDR) provided p-values 

for the disease biomarkers of >0.1. Previous studies have demonstrated limitations in FDR 

analysis due to the presumptions in the multiple testing parameters [60–65]. Therefore, the 

low sample number is a limitation in the current analysis. Potential higher variability in the 

data needs to be considered even though higher edgeR values were used, but this does not 

address multiple testing corrections. Future studies will need to use higher n-values to 

reduce this analysis limitation [60–65]. The current disease specific epimutation (i.e., 

DMRs) needs to be validated in future studies.

Observations suggest dioxin induced transgenerational DMRs present in sperm appear 

associated with specific diseases. This indicates the existence of potential disease specific 

biomarkers could be used to assess transgenerational transmission of various pathology 

susceptibilities in the offspring. Such epigenetic biomarkers would also allow potential 

preventative therapeutics to be used or developed. Although more extensive studies in 

humans are required, the current study supports the concept that associated pathology DMRs 

could be utilized as epigenetic biomarkers. Further analysis is needed to determine if the use 

of these biomarkers is feasible for early detection of disease susceptibility, prior to the actual 

onset of diseases. Our first study examining the transgenerational endocrine disruptor 

atrazine showed epigenetic inheritance of disease and sperm epimutations, and also supports 

the concept that epigenetic biomarkers for disease can be identified and potentially 

employed for diagnosis [31]. Subsequently, DDT and vinclozolin induced transgenerational 

DMRs were identified [29, 31]. The current study showed dioxin induction of 

transgenerational disease and also suggests such environmental biomarkers can be identified 

and potentially become a diagnostic tool for disease susceptibility in the future. Epigenetic 

biomarkers have a high frequency of association with pathologies, and their incorporation 

into medical diagnostics will facilitate preventative medicine and disease management.

Methods

Animal studies and breeding

As previously described [34], female and male rats of an outbred strain Hsd:Sprague Dawley 

SD (Harlan) at 70 to 100 days of age were fed ad lib with a standard rat diet and ad lib tap 

water. Timed-pregnant females on days 8 through 14 of gestation [66] were administered 

daily intraperitoneal injections of dioxin (TCDD 100 ng/kg BW/day) or dimethyl sulfoxide 

(DMSO), as previously described [34].

As previously described [34], the gestating female rats treated were designated as the F0 

generation. F1-F3 generation control and dioxin lineages were housed in the same room and 
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racks with lighting, food and water as previously described [19, 22, 67]. All experimental 

protocols for the procedures with rats were pre-approved by the Washington State University 

Animal Care and Use Committee (protocol IACUC # 6252). All methods were performed in 

accordance with the relevant guidelines and regulations. The animal tissues and sperm 

samples from the previous study [34] have been archived and were used for the current 

study.

Tissue harvest and histology processing

As previously described [34], at 12 months of age, rats were euthanized by CO2 inhalation 

and cervical dislocation for tissue harvest. Testis, prostate, and kidney were fixed in Bouin’s 

solution (Sigma) followed by 70% ethanol, then processed for paraffin embedding and 

hematoxylin and eosin (H & E) staining by standard procedures for histopathological 

examination. Paraffin five micron sections were processed, stained, and processed by 

Nationwide Histology, Spokane WA, USA.

Histopathology examination and disease classification

Archived histology slides or paraffin blocks from the previous study were stored in standard 

archive containers and organized files in the dark at room temperature 20–25°C [34] were 

used for a new histology analysis for the current study. The images of the various 

pathologies are presented in a previous study [34]. The tissue sections were reimaged and 

reanalyzed with a digital pathology procedure where an image of the tissue section is 

captured electronically and corrected for area for histopathology analysis. The oversight of 

the pathology analysis involved the co-author, Dr. Eric Nilsson, DVM/PhD, with over 20 

years of pathology analysis experience in rats [23, 24]. The Washington Animal Disease 

Diagnostic Laboratory (WADDL) at the Washington State University College of Veterinary 

Medicine has board certified veterinary pathologists and assisted in initially establishing the 

criteria for the pathology analyses and identifying parameters to assess [67]. The tissues 

evaluated histologically were selected from previous literature showing them to have 

pathology in transgenerational models [17, 21, 23, 25, 26, 32, 34, 67–69], with an emphasis 

on reproductive organs. Stained testis, prostate, and kidney slides were imaged through a 

microscope using 4x objective lenses (testis and prostate) or 10x objective lenses (kidney). 

Tiled images were captured using a digital camera. Tiled images for each tissue were photo-

merged into a single image using Adobe Photoshop (ver. 21.1.2, Adobe, Inc.). The image 

area was captured in pixels and then converted into mm2. This allowed for correction of 

abnormality counts based on the size of the tissue sample. Images were evaluated and 

pathology features digitally marked using Photoshop software. Raw counts were then 

divided by the measured area for each sample. Histopathology readers were trained to 

recognize the specific abnormalities evaluated for this study in rat testis, ventral prostate and 

kidney. Two different pathology readers were used if they agreed and three different readers 

if they disagreed for each tissue that were blinded for the readers to the exposure lineage 

groups. A set of quality control (QC) slides were generated for each tissue and were read by 

each reader prior to evaluating any set of experimental slides. These QC slide results were 

monitored for reader accuracy and concordance. Previous studies by the laboratory help 

confirm and validate the pathology analysis [17, 21, 23, 25, 26, 32, 34, 67–69].
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As previously described [18], testis histopathology criteria included the presence of vacuoles 

in the seminiferous tubules, azoospermic atretic seminiferous tubules, and ‘other’ 

abnormalities including sloughed spermatogenic cells in the center of the tubule and a lack 

of a tubule lumen. As previously described [24, 70], prostate histopathology criteria included 

the presence of vacuoles in the glandular epithelium, atrophic glandular epithelium and 

hyperplasia of prostatic gland epithelium. Kidney histopathology criteria included reduced 

size of glomerulus, thickened Bowman’s capsule, and the presence of proteinaceous fluid-

filled cysts > 50μm in diameter. A cutoff was established to declare a tissue ‘diseased’ based 

on the mean number of histopathological abnormalities plus 1.5 standard deviations from the 

mean of control group tissues, as assessed by each of the individual observers blinded to the 

treatment groups. This number (i.e., greater than 1.5 standard deviations) was used to 

classify rats into those with and without testis, prostate, or kidney disease in each lineage. 

Two individuals blinded to exposure evaluated each tissue image for abnormalities. If there 

was disagreement about disease status, then a third individual blinded to exposure evaluated 

the tissue. Obesity was assessed with an increase in body mass and intra-abdominal 

adiposity and subcutaneous fat at the time of euthanasia, as previously described [34]. The 

results for pathology, as previously described [34], were expressed as the proportion of 

affected animals that exceeded a predetermined threshold (testis, prostate, kidney disease 

frequency, tumor frequency, obese frequency). Groups were analyzed for statistical 

differences using Fisher’s exact test.

Epididymal sperm collection and DNA isolation

The protocol is described in detail in reference [34]. Briefly, the epididymis was dissected 

free of fat and connective tissue, then, after cutting open the cauda, placed into 6 ml of 

phosphate buffer saline (PBS) for 20 minutes at room temperature. Further incubation at 4°C 

immobilized the sperm. The tissue was then minced, the released sperm pelleted at 4°C 

3,000 × g for 10 minutes, then resuspended in NIM buffer and stored at −80°C for further 

processing. An appropriate amount of rat sperm suspension was used for DNA extraction. 

Previous studies have shown mammalian sperm heads are resistant to sonication unlike 

somatic cells [71, 72]. Somatic cells and debris were therefore removed by brief sonication 

(Fisher Sonic Dismembrator, model 300, power 25), then centrifugation and washing 1–2 

times in 1X PBS. The resulting pellet was resuspended in 820 μL DNA extraction buffer and 

80 μl 0.1M DTT was added, then incubated at 65°C for 15 minutes. 80 μl proteinase K (20 

mg/ml) was added and the sample was incubated at 55°C for 2–3 hours under constant 

rotation. Proteins were removed by addition of protein precipitation solution (300 μl, 

Promega A795A), incubation for 15 minutes on ice, then centrifugation at 13,500 rpm for 30 

minutes at 4°C. One ml of the supernatant was precipitated with 2 μl of GlycoBlue 

(Invitrogen, AM9516) and 1 ml of cold 100 % isopropanol. After incubation, the sample was 

spun at 13,500 × g for 30 minutes at 4°C, then washed with 70% cold ethanol. The pellet 

was air-dried for about 5 minutes then resuspended in 100 μl of nuclease free water.

Methylated DNA Immunoprecipitation (MeDIP)

The archived sperm samples were prepared from previously collected samples as described 

[34]. The protocol is described in detail in reference [34]. Genomic DNA was sonicated and 

run on 1.5% agarose gel for fragment size verification. The sonicated DNA was then diluted 
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with 1X TE buffer to 400 μl, then heat-denatured for 10 minutes at 95°C, and immediately 

cooled on ice for 10 minutes to create single-stranded DNA fragments. Then 100 μl of 5X IP 

buffer and 5μg of antibody (monoclonal mouse anti 5-methyl cytidine; Diagenode 

#C15200006) were added, and the mixture was incubated overnight on a rotator at 4°C. The 

following day, magnetic beads (Dynabeads M280 Sheep anti-Mouse IgG; Life Technologies 

11201D) were pre-washed per manufacturer’s instructions, and 50μl of beads were added to 

the 500μl of DNA-antibody mixture from the overnight incubation, then incubated for 2 

hours on a rotator at 4°C. After this incubation, the samples were washed three times with 

1X IP buffer using a magnetic rack. The washed samples were then resuspended in 250μl 

digestion buffer (5mM Tris PH 8, 10.mM EDTA, 0.5% SDS) with 3.5μl Proteinase K 

(20mg/ml), and incubated for 2–3 hours on a rotator at 55°C. DNA clean-up was performed 

using a Phenol-Chloroform-Isoamyl-Alcohol extraction, and the supernatant precipitated 

with 2μl of GlycoBlue (20mg/ml), 20μl of 5M NaCl and 500μl ethanol in −20°C freezer for 

one to several hours. The DNA precipitate was pelleted, washed with 70% ethanol, then 

dried and resuspended in 20μl H2O or 1X TE. DNA concentration was measured in Qubit 

(Life Technologies) with the ssDNA kit (Molecular Probes Q10212).

MeDIP-Seq Analysis

As previously described [27], MeDIP DNA was used to create libraries for next generation 

sequencing (NGS) using the NEBNext Ultra RNA Library Prep Kit for Illumina (San Diego, 

CA) starting at step 1.4 of the manufacturer’s protocol to generate double stranded DNA 

from the single-stranded DNA resulting from MeDIP. After this step, the manufacturer’s 

protocol was followed indexing each sample individually with NEBNext Multiplex Oligos 

for Illumina. The WSU Spokane Genomics Core sequenced the samples on the Illumina 

HiSeq 2500 at PE50, with a read size of approximately 50 bp and approximately 15–20 

million reads per pool.

Statistics and Bioinformatics

The DMR identification and annotation methods follow those presented in previous 

published papers [23, 27]. Data quality was assessed using the FastQC program (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/), and reads were cleaned and filtered to 

remove adapters and low quality bases using Trimmomatic (28). The reads for each MeDIP 

were mapped to the Rnor 6.0 rat genome using Bowtie2 [73] with default parameter options. 

The mapped read files were then converted to sorted BAM files using SAMtools [74]. The 

MEDIPS R package [75] was used to calculate differential coverage between control and 

exposure sample groups. The reference genome was split into 1000 bp windows. Windows 

with an average of at least 10 reads per sample were selected for differential analysis. The 

edgeR p-value [76] was used to determine the relative difference between the two groups for 

each genomic window. Windows with an edgeR p-value less than an arbitrarily selected 

threshold were considered DMR. The site edges were extended until no genomic window 

with an edgeR p-value less than 0.1 remained within 1000 bp of the DMR. The edgeR p-

value was used to assess the significance of the DMR identified. Differential epimutation 

sites were annotated using the biomaRt R package [77] to access the Ensembl database [78]. 

The DMR associated genes were then automatically sorted into functional groups using 

information provided by the DAVID [79] and Panther [80] databases incorporated into an 
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internal curated database (www.skinner.wsu.edu under genomic data). A Pathway Studio, 

Elsevier, database and network tool was used to assess physiological and disease process 

gene correlations. All molecular data has been deposited into the public database at NCBI 

(GEO # GSE157539) and R code computational tools available at GitHub (https://

github.com/skinnerlab/MeDIP-seq) and www.skinner.wsu.edu.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
DMR identification and numbers. The number of DMRs found using different p-value cutoff 

thresholds. The All Window column shows all DMRs. The Multiple Window column shows 

the number of DMRs containing at least two significant windows (1 kb each). The number 

of DMRs with the number of significant windows (1 kb per window) at a p-value threshold 

p<1e-04 for DMR. (A) Prostate disease DMRs; (B) Kidney disease DMRs; (C) Obesity 

disease DMRs; and (D) Testis disease DMRs.
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Figure 2. 
DMR chromosomal locations. The DMR locations on the individual chromosomes is 

represented with an arrowhead and a cluster of DMRs with a black box. All DMRs 

containing at least one significant window at the selected p-value p<1e-04 threshold are 

shown. The chromosome number and size of the chromosome (megabase) are presented. (A) 
Prostate disease DMRs; (B) Kidney disease DMRs; (C) Obesity disease DMRs; and (D) 
Testis disease DMRs.
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Figure 3. 
DMR genomic features. The number of DMRs at different CpG densities. All DMRs at a p-

value threshold of p<1e-04 are shown. (A) Prostate disease DMR CpG density; (B) Prostate 

disease DMR length; (C) Kidney disease DMR CpG density; (D) Kidney disease DMR 

length; (E) Obesity disease DMR CpG density; (F) Obesity disease DMR length; (G) Testis 

disease DMR CpG density; (H) Testis disease DMR length.
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Figure 4. 
Overlap of disease DMRs. (A) Overlap of specific disease overlap epimutations p<1e-04. 

Venn diagram overlap analysis for specific disease states. (B) An extended overlap of 

disease DMRs. The p-value data set at p<1e-04 is compared to the p<0.05 data to identify 

potential overlap between the different pathologies with DMR number and percentage of the 

total presented. The gray highlight is the expected 100% overlap. (C) Overlap of the 

different disease DMRs at p<0.05. The Venn diagram identified 63 DMRs at p<0.05 in 

common between the different diseases. (D) Venn diagram overlap of the different diseases 

DMRs at p<1e-04 with the 63 common overlapping p<0.05 DMRs.

Maamar et al. Page 20

Environ Res. Author manuscript; available in PMC 2021 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Disease DMR associated gene categories. (A) DMR associated gene categories. The 

different gene categories and number of DMRs in each category is presented with a legend 

indicating the different disease DMR sets. (B) KEGG pathways for the different disease 

DMR associated genes. The top ten pathways with the number of associated genes in 

brackets are presented.
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Figure 6. 
Disease DMR associated gene correlations. The disease DMR associated genes that 

correlate with the specific disease tissue functions and pathologies for each individual 

pathology are presented. Direct gene links to pathologies and physiologic processes are 

shown. (A) Prostate disease and (B) kidney disease.
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Figure 7. 
Disease DMR associated gene correlations. The disease DMR associated genes that 

correlate with the specific disease tissue functions and pathologies for each individual 

pathology are presented. Direct gene links to pathologies and physiologic processes are 

shown. (A) obesity and (B) testis disease.
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Table 1.
Dioxin transgenerational pathology.

F3 generation dioxin lineage male rat pathology. The individual animals for the dioxin lineage males are listed 

and a (+) indicates presence of disease and (−) absence of disease. The animals with shaded (+) or (0) were 

used for the epigenetic analysis due to the presence of only one disease, except for the multiple (≥2) disease or 

no disease (0). The n/a indicates not analyzed and the totals provide the ratio of diseased / total animals, and % 

disease.

Molecular ID Late 
Puberty

Testis 
Disease

Prostate 
Disease

Kidney 
Disease Obesity Tumor Multiple 

Disease
Total 

Disease

DX14 − − + + − − + 2

DX9 − − − − − − − 0

DX10 − − − − − − − 0

DX11 − + − − − − − 1

DX12 − − − − − − − 0

DX13 − − − + − − − 1

DX1 − − − + − − − 1

DX2 + − − − − − − 1

DX4 − − − − + − − 1

DX5 − − − − − − − 0

DX6 − − − − − − − 0

DX7 − − − − + − − 1

DX8 − − − − − − − 0

DX18 − − − − + − − 1

DX15 − + − − − − − 1

DX16 − + − − − − − 1

DX25 − − − − + − − 1

DX26 − − − − − − − 0

DX27 − − − − − − − 0

DX28 − − − − − − − 0

DX29 − − − − − − − 0

DX34 − − − + − − − 1

DX35 − − − − − − − 0

DX30 − − − − − − − 0

DX31 − − − − − − − 0

DX32 − − n/a − − − − n/a

DX33 − − − + − − − 1

DX21 − − + − − − − 1

DX19 − − + − − − − 1

DX20 − − − − − − − 0

DX22 − + − − − − − 1
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Molecular ID Late 
Puberty

Testis 
Disease

Prostate 
Disease

Kidney 
Disease Obesity Tumor Multiple 

Disease
Total 

Disease

DX23 − − + − − − − 1

DX24 − + − − − − − 1

DX41 − + − − − − − 1

DX42 − + − − − − − 1

DX43 − − − − − − − 0

DX40 − − − + − − − 1

DX36 − − − − − − − 0

DX37 − − − − − − − 0

DX38 − − − − − − − 0

DX39 − − − − − − − 0

DX53 − − − + − − − 1

DX50 − + − − − − − 1

DX51 − − − + − − − 1

DX52 − − − − − − − 0

DX44 − − − − − − − 0

DX45 − − − − − − − 0

DX46 + − − − − − − 1

DX47 − − − − − − − 0

DX48 − − − − − − − 0

DX49 − − + − − − − 1

Totals 2/51 = 4% 8/51 = 16% 5/50 = 10% 8/51 = 16% 4/51 = 8% 0/51 = 0% 1/51 = 2%
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