
 

 

 

 

 

 

 

University of Southern Denmark

Identification of sex-specific DNA methylation changes driven by specific chemicals in cord
blood in a Faroese birth cohort

Leung, Yuet-Kin; Ouyang, Bin; Niu, Liang; Xie, Changchun; Ying, Jun; Medvedovic, Mario;
Chen, Aimin; Weihe, Pal; Valvi, Damaskini; Grandjean, Philippe; Ho, Shuk-Mei

Published in:
Epigenetics

DOI:
10.1080/15592294.2018.1445901

Publication date:
2018

Document version:
Accepted manuscript

Citation for pulished version (APA):
Leung, Y-K., Ouyang, B., Niu, L., Xie, C., Ying, J., Medvedovic, M., Chen, A., Weihe, P., Valvi, D., Grandjean,
P., & Ho, S-M. (2018). Identification of sex-specific DNA methylation changes driven by specific chemicals in
cord blood in a Faroese birth cohort. Epigenetics, 13(3), 290-300.
https://doi.org/10.1080/15592294.2018.1445901

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 24. May. 2023

https://doi.org/10.1080/15592294.2018.1445901
https://doi.org/10.1080/15592294.2018.1445901
https://portal.findresearcher.sdu.dk/en/publications/7809fd7b-db9a-409d-9f20-c74758a9480b


Identification of sex-specific DNA methylation changes driven by specific chemicals in cord blood 

in a Faroese birth cohort 

Yuet-Kin Leung1,5,6, Bin Ouyang1,5, Liang Niu2,5, Changchun Xie2,5, Jun Ying2,3, Mario 

Medvedovic2,5,6, Aimin Chen4,5, Pal Weihe8, Damaskini Valvi9, Philippe Grandjean9,10*, Shuk-

Mei Ho1,5,6,7* 

Division of 1Environmental Genetics and Molecular Toxicology, 2Biostatistics & Bioinformatics, 

3Public Health Science and 4Epidemiology, Department of Environmental Health, 5Center of 

Environmental Genetics, 6Cincinnati Cancer Center, University of Cincinnati Medical Center, 

Cincinnati, OH 45267, USA; 7Cincinnati Veteran Affairs Medical Center, Cincinnati, OH 45220, 

USA; 8Department of Occupational Medicine and Public Health, Faroese Hospital System, 

Torshavn, Faroe Islands; 9Department of Environmental Health, Harvard T.H. Chan School of 

Public Health, Boston, MA 02215, USA; 10Department of Environmental Medicine, University of 

Southern Denmark, DK-5000 Odense, Denmark. 

 

*To whom correspondence should be addressed (co-corresponding authors):  

Philippe Grandjean, M.D., Ph.D. 

Department of Environmental Health, Harvard T.H. Chan School of Public Health, 401 Park Drive, 

Landmark Center East L3-045, Boston, Massachusetts 02215, Phone: 617-384-8907, 

pgrand@hsph.harvard.edu;  

Shuk-Mei Ho, Ph.D. 

Kettering Complex, Room 128, 160 Panzeca Way, Department of Environmental Health, College 

of Medicine, University of Cincinnati, Cincinnati, OH 45267-0056, Tel: 513- 558-5701, Fax: 513-

558-5155, E-mail: shuk-mei.ho@uc.edu  

Manuscript - with author details

mailto:pgrand@hsph.harvard.edu
mailto:shuk-mei.ho@uc.edu


Abstract  

Background: Faroe islanders consume marine foods contaminated with methylmercury (MeHg), 

polychlorinated biphenyls (PCBs), and other toxicants associated with chronic disease risks. 

Differential DNA methylation at specific CpG sites in cord blood may serve as a surrogate 

biomarker of health impacts from chemical exposures. 

Objective: We aimed to identify key environmental chemicals in cord blood associated with DNA 

methylation changes in a population with elevated exposure to chemical mixtures. 

Method: We studied 72 participants of a Faroese birth cohort recruited between 1986 and 1987 

and followed until adulthood. The cord blood DNA methylome was profiled using Infinium 

Methylation 450K BeadChips. We determined the associations of CpG site changes with 

concentrations of MeHg, major PCBs, other organochlorine compounds, (hexachlorobenzene 

[HCB], p,p’-dichlorodiphenyldichloroethylene [p,p’-DDE] and p,p’-

dichlorodiphenyltrichloroethane) and perfluoroalkyl substances. 

Results: In a combined sex analysis, among the 16 chemicals studied, PCB congener 105 (CB-

105) exposure was associated with the majority of differentially methylated CpG sites (214 out of 

a total of 250). In female-only-analysis, only 73 CB-105 associated CpG sites were detected, 44 

of which were mapped to genes in the ELAV1-associated cancer network. In males-only, 

methylation changes were seen for perfluorooctane sulfonate, HCB, and p,p’-DDE in 10,598; 

1,238; and 1,473 CpG sites, respectively, 15% of which were enriched in cytobands of the X 

chromosome associated with neurological disorders. 

Conclusion: In this multiple-pollutant and genome-wide study, we identified key epigenetic 

toxicants. The significant enrichment of specific X-chromosome sites in males implies potentially 

sex-specific epigenome responses to prenatal chemical exposures. 
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Introduction 

 DNA methylation may be affected by early-life chemical exposures with the potential to 

persist even after the exposure has been removed 1. Because of this enduring behavior, DNA 

methylation has the power to store the effect of environmental chemical exposures occurring 

during early development 2, 3. Earlier studies on DNA methylation investigated exposure-

associated “global” methylation changes in several common repetitive elements, such as long 

interspersed nuclear elements (LINE) or Alu elements because their sequences are widespread in 

the human genome and represent about 45% of methylation sites in the whole genome 4, 5.  

However, such “global” approaches are uninformative in terms of understanding specific 

exposure-related changes in humans, as they do not reveal the specific genes, biological pathways, 

or chromosomal loci involved. Genome-wide methylation analysis with single CpG site resolution 

overcomes this hurdle and is now the preferred platform for environmental epigenetic studies 6, 7. 

 Methylation changes associated with exposure and/or later-life diseases can be detected as 

early as the prenatal period 8, 9. Differential DNA methylation in umbilical cord white blood cell 

(UCWBC) has been associated with maternal smoking 10-12, air-pollutants 8, 9, and arsenic exposure 

in utero 13. Specific DNA methylation changes in UCWBC predict childhood diseases, such as 

asthma 8. These data suggest that environmental stressors during pregnancy may trigger specific 

DNA methylation changes in susceptible genes in UCWBCs. These cells may be disease-related 

target cells or serve as surrogates for the affected tissues/organs. DNA methylation changes in 

UCWBCs have been reported to be associated with earlier onset or increased prevalence of 

diseases via reprogramming of gene expression networks crucial to tissues/organs development, 

in accordance with the Developmental Origins of Health and Disease (DoHAD) concept 14.  



 Up to now, almost all studies on environmental epigenetics focused on the effects of a 

single-toxicant exposure (e.g. lead 15) or a single representative from a mixture (e.g. cotinine in 

smoking 10). To the best of our knowledge, no studies so far were designed to identify chemicals 

among an exposure mixture that are associated with either the largest degree of changes (number 

of differentially methylated CpG sites) or the most specific (e.g. concentration in specific 

cytobands) DNA methylation changes in the UCWBC.  Here we refer to these toxicants as key 

epigenetic toxicants. They could be the most potent drivers of epigenetic changes or the key 

indicators of such changes within an exposure mixture. Furthermore, the potential sex differences 

of such changes are understudied, as most investigators remove affected CpG sites in the sex 

chromosomes before analyses. Therefore, significant data voids exist in the identification of the 

key epigenetic toxicants complex exposures, as well as any sex-specific DNA methylation changes 

associated with the same exposure setting.   

 To address these challenging questions, we took advantage of a birth cohort in the Faroe 

Islands born in 1986-1987 16, 17. We initially reported elevated exposures to MeHg and halogenated 

substances in this population due to consumption of pilot whale meat and blubber 18. In this birth 

cohort, neurodevelopmental deficits have been shown to be associated primarily with elevated 

prenatal exposures to methylmercury 19. The goal of this pilot study was to conduct a genome-

wide analysis of DNA methylation distribution in 72 UCWC DNA samples isolated from cord 

blood of Faroese cohort members and examine associations with exposure to 16 environmental 

chemicals measured in the cord blood. We applied Illumina HumanMethylation 450K BeadChip 

assay to detect unbiasedly genome-wide methylation levels at more than 480,000 CpG sites in 

UCWBC DNA and utilized several newly developed bioinformatics methods for data-mining, 



uncovering key epigenetic toxicants and sex-differences in exposure-associated methylation 

changes. 

 

Materials and Methods 

Study design and subjects 

A cohort of singleton term births was recruited at the Faroese hospitals assembled during 

an 18-month period in 1986-1987 20. Children born before the 37th week of gestation or, who had 

a severe congenital disease were excluded. At delivery, samples of umbilical cord whole blood 

and scalp hair from the mothers were collected for analysis of environmental chemicals. The study 

protocol was approved by the Ethical Review Committee for the Faroe Islands and The IRB in 

Boston. We selected 72 samples of cord blood, all with no maternal smoking exposure, with 

sufficient volume and that reflected the largest possible range of exposures, including samples with 

high MeHg and low total PCB level or vice versa for the purpose of minimizing mutual correlations 

between the pollutants.  

The Faroese population is of primarily Nordic and Irish origin and comparable in many 

aspects to other Western populations 21 but is uniquely exposed to environmental chemicals due 

to traditional dietary habits (including pilot whale meat and blubber). Depending on the diet, the 

range of chemical exposures is wide, and average exposures to persistent chlorinated compounds 

and MeHg at the time were much higher than in most Western populations 22. The Faroese conduct 

their occasional subsistence whaling when pilot whale pods approach the coasts, and the whale 

meat and blubber are shared locally 23. Dietary habits are affected mainly by availability and, to a 

lesser extent, the fairly small differences in socioeconomic factors. Average concentrations of 

polychlorinated biphenyls (PCBs) in blubber are about 20 μg/g 24, MeHg concentrations in lean 



whale muscle are much higher than in most fish 25 and perfluoroalkyl substances (PFASs) are also 

at higher levels than other food items generally consumed 26. Thus, this population provides a 

unique natural experiment to ascertain adverse effects of elevated exposures to these marine 

contaminants.   

 

Chemical exposure assessment 

Cord whole blood and maternal hair were analyzed for total mercury (as indicators of 

prenatal MeHg exposure) 20, and the whole blood was also analyzed for organochlorine 

compounds 27, and PFASs 28. The PCB analysis comprised major congeners, including the dioxin-

like CB-118 and CB-105 and non-dioxin like congeners. The PFAS analysis provided results on 

the five most common substances, including perfluorooctane sulfonic acid (PFOS), 

perfluorooctanoic acid (PFOA), perfluorohexane sulfonic acid (PFHxS), perfluorodecanoic acid 

(PFDA) and perfluorononanoic acid (PFNA). For PFOS, we determined both the straight-chain 

(n-PFOS) and branched isomers. As the chlorinated compounds are lipophilic and the lipid content 

of whole blood is fairly constant, we expressed the concentrations on a blood volume basis, as 

were mercury and the PFASs.  

 
DNA isolation and genome-wide methylation analyses: 
 

Genomics DNA was isolated from total cord blood by use of a Maxwell 16 System DNA 

purification Kit (Promega, Madison WI). Each DNA sample was quantified with Nanodrop 

spectrometer and its quality was examined with gel electrophoresis to make sure that the DNA was 

not degraded.   

The DNA samples were bisulfite-treated according to the instruction of EZ DNA 

methylation kit (Zymo Research, Irvine, CA).  Genome-wide methylation analyses were 



performed using Infinium HumanMethylation450 BeadChip (Illumina, San Diego, CA) in the 

Genomics, Epigenomics and Sequencing Core at University of Cincinnati.  

Data analyses: 

 The raw methylation data were loaded using “minfi” package in R statistics program 29. 

Quality control analyses on probes and samples based on the default setting of beadcount, detection 

p-value and data distribution were performed using the “ENmix” package 30. Outlier probes and/or 

samples based on the tested criteria were excluded before further analysis. The background signals 

and the dye bias were corrected using a model-based background correction method (ENmix) and 

the regression on the logarithm of internal control probes (RELIC) method 31, respectively, both 

embedded in the “preprocessENmix” function.  Inter-array variations were quantile-normalized 

and the probe bias was corrected by regression on the correlated probes (RCP) method 32. Outlier 

probes and/or samples were further removed as recommended in the ENmix package using 

aforementioned criteria. The dataset supporting the results of this study is available at the National 

Center for Biotechnology Information Gene Expression Omnibus repository, GSE104778. 

 Surrogate variable analysis (SVA) 33 was applied to the dataset to determine surrogate 

variables related to batch effects, cell type heterogeneity and unobserved sources of variations in 

the cord blood samples. The unobserved sources of variation were used as covariates in linear 

regression models for differential methylation site analysis associated with each of the exposures 

(as a continuous variable) using limma package 34.  SVA has been shown to be more stable than 

existing reference-based or other reference-free cell type mixture adjustment methods 35. CpG sites 

on the sex chromosomes were excluded in the mixed-sex analyses, but those CpG sites residing 

on the sex chromosomes were included in the respective sex-stratified analyses. Co-variates 



including surrogate variables, alcohol consumption status, maternal age, gestational age, sex and 

slide number were included and adjusted for in the analyses.   

Bioinformatics analyses: 

 The CpG sites with methylation changes significantly associated with an exposure were 

selected for further analyses. To enhance the biological relevance of the analyses, only genes for 

which at least two CpG sites showed significant methylation changes were chosen for pathway 

analysis. Significant differences in the methylation level were defined as at least 10% change 

(increase or decrease) in the beta value per unit change in the exposure. In the case of 

hexachlorobenzene (HCB) analyses, the cutoff value was set at 100% change or higher in the beta 

value for each unit increase of HCB exposure, because all individuals in this cohort had exposure 

less than one unit. One-tenth unit of HCB exposure was therefore required to cause at least a 10% 

change in methylation level of a particular CpG site. Ingenuity Pathway analysis (Qiagen, 

Redwood city, CA) was applied to determine any potential gene networks or pathways enriched 

in each exposure evaluation. ToppFun, as a part of ToppGene Suite 

(https://toppgene.cchmc.org/enrichment.jsp), was used to determine whether the genes were 

enriched in specific cytogenetic bands of the chromosome. 

  

https://toppgene.cchmc.org/enrichment.jsp


Results 

Stringent data preprocessing provides high-quality data for linear regression analyses: 

 Seventy-two UCWB DNA samples with wide-ranging exposure data were selected from 

the Faroese Island birth cohort 1986-1987 20 and used for genome-methylome analyses. 

Demographic and exposure data of the selected cohort subjects are listed in Table 1.  We used the 

latest data analysis pipeline with stringent criteria to determine the exposure-related methylation 

change in these samples. Twenty-one samples and 77,967 CpG sites were removed due to poor 

data quality as reflected from low bead counts, poor detection p-values and abnormal signal 

distribution as determined by the default setting of the ENmix package 30. Thus, here we reported 

data from 51 high-quality samples (19 males and 32 females) (Table 2).  

 

Identification of CpG sites whose methylation levels correlated with prenatal CB105 exposure in 

mixed-sex or female-only analysis, revealing concentration of sites in the ELAVL1 pathway: 

 In the complete sample analysis with both males and females, we found 214 CpG sites with 

significant methylation changes associated with an increase in CB-105 exposure (Table 2)(See 

Supplementary Tables for details). Additionally, we found 18 and 10 differentially methylated 

CpG sites associated with pp’-DDT and CB-101, respectively. We did not find any significant 

DNA methylation changes associated with the other chemical exposures. In sum, CB-105 was the 

only toxicant associated with the largest number of significant methylation sites among all other 

exposures in the mixed-sex analysis (Table 2; column “mixed”).  

 In female newborns only, we found 73 CpG sites with significant methylation changes 

associated with CB-105 (Table 2; column “female”), of which 44 were significant also in the 

complete data set (Figure 1A).  These 44 sites were mapped to 33 genes. Ingenuity pathway 



analysis (IPA®) revealed that 13 of those genes are involved in cancer, organismal injury, and 

abnormalities, as well as reproductive system disease, which form part of a gene network 

connected by ELAVL1 (Embryonic Lethal, Abnormal Vision, Drosophila, Homolog-Like 1) 

(Figure 1B). This gene is known to play an important role in cancer progression 36.  

 

Identification of CpG sites whose methylation levels correlated with prenatal exposure to nPFOS, 

HCB, or p,p’-DDE only in male-specific analyses; these sites are predominantly found on the 

chromosome X of males:  

 Surprisingly, we found several CpG sites with methylation changes significantly associated 

with exposures mainly to three other toxicants in the male-only analyses: 10,598 CpG sites 

associated with nPFOS, 1,238 CpG sites associated with HCB, and 1,473 CpG sites associated 

with p,p’-DDE (Table 2; column male)(See Supplementary Tables for details). When we 

compared the CpG sites associated with each  of the three exposures, we found that less than 50% 

of the CpG sites were common to all three exposures for the joint analyses of both sexes 

(Supplementary Figure S1), thus suggesting that each toxicant has a unique epigenetic footprint 

in UCWBC DNA.  

 We then determined whether DNA methylation changes associated with one of the three 

toxicants was dependent on the exposures to the two other toxicants. We tested a multivariate 

model in males adjusted for all three chemicals associated with DNA methylation and found that 

associations of nPFOS, p,p’-DDE and HCB were all significantly attenuated in the multiple-

exposure adjusted model.  

 To ascertain if differences exist in the neighborhood context of the significant CpG sites 

associated with the three toxicants in male/female newborns compared with the combined-sexes 



sites, we mapped their positions in relation to the consensus CpG Islands (Island) upstream of the 

transcription sites of their purported genes (such as N_shelves, N_shores, or Open_Sea; 37). The 

distribution of CpG sites was similar for CB105 in the mixed-sex analysis (PCB-105_all), for HCB 

in the males (HCB_m), for nPFOS in the males (nPFOS_m), and for CB105 in the females 

(CB105_f). However, we observed a higher percentage of island-associated CpG sites and fewer 

Open_Sea-associated sites for p,p’-DDE in males (p,p’-DDE_m) (Supplementary Figure S2). 

We further mapped these sites to their respective chromosomal loci. A higher percentage (15-25%) 

of the affected sites were found to the X chromosome in the male-specific analyses (i.e., HCB_m, 

p,p’-DDE_m, nPFOS_m) (Figure 2) when compared with the average percentages (4.2 to 4.6%) 

mapped to somatic chromosomes. Consistent with this observation, we identified several 

cytogenetic bands on chromosome X that were statistically enriched (FDR<0.05) with affected 

CpG sites in the analyses (Table 3).  

 It is noteworthy that Xp11.23-p11.22 was the top cytoband identified with the highest 

enrichment of CpG sites associated with both HCB and p,p’-DDE in the males (Table 3).  

According to the Human Phenotype Ontology Project (HPO Browser, 

http://compbio.charite.de/hpoweb/showterm?id=HP:0000118), duplication of this cytoband is 

associated with intellectual disability, speech delay and a peculiar electroencephalographic pattern 

in childhood 38. Other diseases linked to this region include Wiskott–Aldrich syndrome, several 

forms of retinal degeneration and intellectual developmental disorders 

(http://genome.cshlp.org/content/6/11/1056.short), autism spectrum disorders (CACNA1F 39), 

bipolar disorders (monoamine oxidase A 40), X-linked autoimmunity-allergic dysregulation 

syndrome 41 (JM2), immune dysregulation, polyendocrinopathy and enteropathy, X-linked (IPEX) 

syndrome, a rare form of X-linked immune dysfunction involving regulatory T cells (FoxP3 42). A 

http://genome.cshlp.org/content/6/11/1056.short


major susceptibility locus for sex reversal/gonadal dysgenesis also exists in an extended locus 

(Xp11.21-11.23) encompassing this region 43.  

 

Exposure to HCB, p,p’-DDE or nPFOS were associated with methylation changes in CpG sites 

associated with genes in pathways of key physiological functions and diseases. 

 In males only, IPA® pathway analysis was performed to determine any relationships 

between key physiological functions/diseases, and methylation changes associated with exposures 

to HCB, p,p’-DDE or nPFOS. In terms of physiological functions, all three chemical exposures 

were associated with pathways of “embryonic development” (Table 4). The top physiological 

function related to HCB and p,p’-DDE exposures was “reproductive system development and 

function” whereas, the top common function affected by exposure to nPFOS or p,p’-DDE was 

“nervous system development and function” (Table 4).  HCB exposure also was associated with 

“behavior”, and “hematological/cardiovascular system development and function” (Table 4). 

With respect to disease prediction, significant CpG sites were associated with genes related to 

“cancer” for exposure to p,p’-DDE or to nPFOS in males (Table 5). Consistent with the 

physiological function associations, CpG sites are associated with genes related to “hematological 

disorders” for HCB exposure, and to “neurological disease” for p,p’-DDE exposure in males 

(Table 5). “Metabolic disease” also was predicted to be one of the disease pathway associated 

with male HCB exposure (Table 5). 

 At the molecular level, gene network analyses suggested that extracellular signal-regulated 

kinase 1/2 (ERK1/2) was a key mediator affecting “reproductive system development and function” 

& “developmental disorder” in both HCB_m (Figure 3) and p,p’-DDE_m-related DNA 

methylation changes (Figure 4). Of interest, the amyloid precursor protein gene (APP) was the 



central node linking the methylation changes associated with p,p’-DDE_m exposure (Figure 4), 

affecting “carbohydrate metabolism, and organismal development, nucleic acid metabolism”.  

APP also was shown to be the key connector for methylation changes affecting the top gene 

network related to nPFOS_m exposure, disrupting “cell cycle, nervous system, development and 

function, and cardiac proliferation” (Figure 5).   



Discussion 

Previous genome-wide methylome studies 44-46 reported associations of methylation 

changes with prenatal exposures to single toxicants/pollutants. The present study aims at 

identifying “driver” epigenetic toxicants in a complex mixture of 15 marine pollutants found at 

elevated concentrations in cord blood from a Faroe Islands birth cohort. Of significance, we found 

notable sex differences in chemical-associated DNA methylation changes. In combined-sex 

analyses, the majority of differentially methylation changes (214 sites) was associated with CB105 

but not with MeHg or other persistent organic pollutants (POPs). Further, in sex-specific analyses, 

we observed significant sex-dependent associations. Female-specific sites (75 sites) were found to 

associate primarily with exposure to CB-105 (73 sites) as a “driver” epigenetic toxicant, and a 

great number of them (44 sites) are concentrated in genes (33) in the ELAV1-associated cancer 

network. In contrast, considerably more differential methylation changes were found in males, 

with nPFOS (10,598 sites), HCB (1,238 sites), and p,p’-DDE (1,473 sites) emerging as “driver” 

epigenetic toxicants. Of interest, these male-specific sites were linked to genes regulating 

embryonic development, the development of or diseases in the reproductive, nervous, 

hematological, and cardiovascular systems, as well as carbohydrate and nucleic acid metabolism.  

Significantly, over 15% of the male-specific, differentially methylated CpG sites are located in 

unique cytobands of the X-chromosome. These include Xp11.23-p11.22 which are associated with 

intellectual disabilities and other neurological disorders. It was also noted that the association of 

these three exposures with methylation changes may not be specific, as the associations in terms 

of significance were weakened after mutual adjustments. Taken together, these findings suggest 

that prenatal exposure to a complex environmental chemical mixture engendered toxicant-/sex-

/disease-specific epigenetic modifications that may be in part interdependent in cord blood DNA.  



 

We identified nPFOS, HCB and p,p’-DDE as potentially the most important contributors 

of DNA methylation changes in males and CB-105 as the most epigenetic active toxicant in 

females. Most previous studies focused only on establishing correlations between methylome 

changes with exposures to a single chemical.  This approach may not be able to provide a full 

picture of the effects of human exposures because, unlike toxicological studies in animal models, 

human exposures rarely consist of single chemicals at a time. Using an unbiased, genome-wide 

methylome profiling approach and a newly established robust bioinformatics pipeline 30-32, we 

were able to identify chemicals that were associated with the highest numbers of CpG sites with 

differential methylation status in a sex-specific manner. Furthermore, mapping those CpG sites to 

various regions of known genes, has uncovered some putative disease/disorder-related pathways, 

hence offering a glimpse of probable linkages to disease risks in this population. In this regard, a 

noteworthy finding is that the most “epigenetically active” pollutant for female newborns was CB-

105, while, for males, nPFOS, HCB, and p,p’-DDE were the most active. Of further interest is that 

the sex-dimorphic gene pathways have little overlap in biological or pathological functioning, 

suggesting toxicant-specific epigenetic reprogramming of gene expression and thereby divergent 

disease risks between males and females. This sexual difference could be due to differences 

between endocrine disrupting properties of chemicals on androgen or estrogen signaling. Our 

findings may also be relevant to the growing literature on sexual dimorphism in biological 

accumulation and degradation of these chemicals 47, 48, thus warranting future investigation.   

Although sex dimorphic effects have been frequently reported in epidemiological studies 

49, reports on sex-specific DNA methylation changes and the enrichment of these sites in specific 

X-chromosome cytobands have attracted less attention.  In this study, sex-specific analyses 



showed CB-105 exposure as the main driver of differential DNA methylation changes in females. 

In contrast, the principal exposures associated with differential methylome changes in the males 

were found to be nPFOS, HCB, and p,p’-DDE. Moreover, the gene networks where the 

differentially methylated CpG sites were located seem to have minimal overlaps. The female-

associated changes appear to affect the ELAV1-associated cancer network, whereas the male-

associated changes have a much broader potential influence on embryonic, reproductive, neural, 

cardiovascular and digestive systems, and diseases associated with dysregulation of X-

chromosome inactivation 50, 51. X-chromosome inactivation serves to balance the dosage of X-

encoded genes between males and females and it occurs during female embryonic development 50, 

51. Of note, the male-specific sites particularly exhibited enrichments in X-chromosome cytobands, 

thus suggesting that these pollutants did not affect X-chromosome inactivation.  Since male cells 

have only one X-chromosome, the activation or inactivation of disease-causing genes by DNA 

methylation would be different when these genes are carried on X-chromosomes rather than on 

autosomes.  In addition, changes in gene expression patterns due to escape from X-chromosome 

inactivation, from mosaicism, or skewing are very complex events 51-54 that cannot be fully 

elucidated within this pilot study.  

We identified associations between the degree of DNA methylation changes of a large 

number of CpG sites and the exposures to nPFOS, HCB, and p,p’-DDE were modulated by the 

presence of another exposure. In other words, if an association was evaluated by itself, an 

association may be significant but, if adjusted for another exposure, the association became weaker. 

Hence, our findings support the concept that exposure-exposure interaction could affect genome-

wide methylation levels. However, such observation could be also due to reduced precision (or 

correlation/over-adjustment bias) when more than one exposure variable is inserted into the model. 



Therefore, because of the small size of this study, additional advanced interaction analyses are not 

feasible. 

In this study, we found CpG sites associated with three POPs in male newborns.  The sites 

associated with HCB_m are on genes related to reproductive system development and function. 

This chemical was introduced as a fungicide in the 1940s 55. In one younger Faroese birth cohort 

(born in 2007-2009) maternal serum HCB concentrations during pregnancy were associated with 

increased body mass index in childhood with no clear evidence of sex-dimorphic associations 56, 

but sex-specific associations with childhood growth have been reported in other birth cohorts 57. 

Prenatal exposure to HCB-contaminated grain has been associated with the lower proportion of 

male births in other populations 58.  p,p’-DDE is a breakdown product of the insecticide 

dichlorodiphenyltrichloroethane (DDT), well-known for its anti-androgenic activities 59. 

Population-based studies have shown that men with  adult 60 or prenatal 61 DDE  exposure were 

sub-fertile 62 and were also associated with impairment of cognitive functions, deficits in 

psychosocial developments in childhood 63-67 and increased risk of neural degenerative diseases at 

old age 68.  nPFOS belongs to a group of substances that are widely used in a variety of products 

including surface treatments for stain resistance, surface treatments on metals as well as 

firefighting foams. In this study, nPFOS-associated methylome changes were predicted to 

dysregulate genes involved in embryonic and nervous system development. Our findings are in 

agreement with published studies, including a previous study in a Faroese birth cohort 69, showing 

inverse associations between cord blood PFOS, and head circumference, ponderal index 70, 71 

and/or birth weight 71, 72. In the Faroese study 69, inverse associations between PFOS exposure and 

birth size measures were more pronounced in boys, while mainly null or positive in girls, which is 

in line with the sex-specific DNA methylation changes noted for PFOS in the present study. In 



short, the persistent nature of these DNA methylation-associated chemicals raises concerns of their 

long-lasting health effects from birth to later-life. 

Compared with other genome-wide techniques, Illumina 450K Methylation Beadchip is 

one of the most cost-effective options for genome-wide methylation discovery for modern 

epidemiology studies. Still, the coverage of CpG sites is far from ideal, comprising less than 2% 

of the 28 million CpGs within the human methylome. In other words, the majority of methylation 

sites have not been included in this unbiased discovery. Another limitation of this study is the 

small sample size; especially in sex-specific analyses, which resulted to non-equivalent sample 

sizes in boys versus girls. Reduced power may explain in part the lack of significant associations, 

especially in the case of MeHg, for which, even though is a known epigenetic toxicant, associations 

in this study did not reach the level of statistical significance. Also, the epidemiological findings 

in this populations show that MeHg is the main risk indicator for neurodevelopmental deficits 19. 

However, given that MeHg has a much shorter half-life than the POPs measured, associations with 

exposure indicators measured at the time of birth may require considerations of the timing of 

epigenetic and functional changes during pregnancy. Hence, special caution should be applied 

when interpreting absence of associations suggested from this study. Future investigations in the 

full cohort will help throw new light on these preliminary findings. 

In conclusion, this pilot study, in spite of its small sample size, has unveiled potentially 

key epigenetic toxicants amidst a complex mixture of 15 environmental chemicals found in the 

cord blood of Faroese newborns. Our data show chemical-and sex-specific methylation changes 

in UCWBC DNA located in genes associated with networks of reproductive, cardiovascular and 

neural/behavioral disruption. Of great interest, significantly more methylome changes were found 

in male infant DNA samples with an enrichment in the X-chromosome. Future larger-scale studies 



are warranted to further expand these preliminary observations that are likely of high relevance to 

the impact of environmental chemicals on the developmental origins of disease and health.  
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Figure Legends 

 

Figure 1. Common significant CpG sites found in mixed-sex and female-only analyses of PCB-

105 exposure are related to cancer. (A) Venn diagram showing 44 CpG sites were found in both 

analyses. (B) A fraction (30%) of 44 CpG sites was mapped to genes connected with an ELAV1-

associated cancer network. 

 

Figure 2. Chromosomal locations of the significant CpG sites. Percentage of the number of CpG 

sites with significant methylation change against each exposure (PCB-105, HCB, p,p’-DDE and 

nPFOS) per chromosome was calculated. PCB-105 represents the percentage obtained from the 

analyses of mixed-sex with PCB-105 exposure; HCB_m represents the percentage obtained from 

the analyses of male with HCB exposure; p,p’-DDE_m represents the percentage obtained from 

the analyses of male with p,p’-DDE exposure; nPFOS_m represents the percentage obtained from 

the analyses of male with nPFOS exposure; PCB-105_f represents the percentage obtained from 

the analyses of female with PCB-105 exposure. 

 

Figure 3. Gene networks involved in the analyses of males with HCB exposure. The genes 

neighboring the significant CpG sites (with greater than 100% change of beta value per unit of 

HCB change and with more than 1 significant CpG site per gene) were subjected to pathway 

analyses. Left panel shows the top network involved: gene expression, reproductive system 

development, and function, cell-to-cell signaling and interaction; Right panel shows the next top 

network involving cellular function and maintenance, cancer, organismal injury and abnormalities. 

 



Figure 4. Gene networks involved in the analyses of males with p,p’-DDE exposure. The genes 

neighboring the significant CpG sites (with greater than 10% change of beta value per unit of p,p’-

DDE change and with more than 1 significant CpG site per gene) were subjected to pathway 

analyses. The left panel shows the top network involved: developmental disorder, endocrine 

system disorders, hereditary disorder; the right panel shows the next top network involving 

carbohydrate metabolism, organismal development, nucleic acid metabolism. 

 

Figure 5. Networks involved in the analyses involving males with nPFOS exposure. The genes 

neighboring the significant CpG sites (with greater than 10% change in beta value per unit of 

nPFOS change and with more than 1 significant CpG site per gene) were subjected to pathway 

analyses. One top network involving cell cycle, nervous system, development and function, 

cardiac proliferation was identified. 
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Figure 1. Common significant CpG sites found in mixed and female analyses of

PCB105 exposure are related to cancer. (A) Venn diagram showing 44 CpG sites

were found in both analyses. (B) A fraction (30%) of 44 CpG sites was mapped to

genes connected with an ELAV1-associated cancer network.
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Figure 2. Chromosomal locations of the significant CpG sites. Percentage of the

normalized number of CpG sites with significant methylation change against each

exposure (PCB105, HCB, ppDDE and nPFOS) per chromosome was calculated.

Normalized number was calculated by dividing the number of significantly associated

CpG sites with the total number of CpG sites measured in a specific chromosome.

PCB105 represents the percentage obtained from the analyses of mixed gender with

PCB105 exposure; HCB_m represents the percentage obtained from the analyses of male

with HCB exposure; ppDDE_m represents the percentage obtained from the analyses of

male with ppDDE exposure; nPFOS_m represents the percentage obtained from the

analyses of male with nPFOS exposure; PCB105_f represents the percentage obtained

from the analyses of female with PCB105 exposure.



Figure 3. Gene networks involved in the analyses of male with HCB exposure. The

genes neighboring the significant CpG sites (with greater than 100% change of beta

value per unit of HCB change and with more than 1 significant CpG site per gene)

were subjected to pathway analyses. Left panel shows the top network involved:

gene expression, reproductive system development and function, cell-to-cell

signaling and interaction; Right panel shows the next top network involving cellular

function and maintenance, cancer, organismal injury and abnormalities.



Figure 4. Gene networks involved in the analyses of male with ppDDE exposure. The

genes neighboring the significant CpG sites (with greater than 10% change of beta value

per unit of ppDDE change and with more than 1 significant CpG site per gene) were

subjected to pathway analyses. Left panel shows the top network involved:

developmental disorder, endocrine system disorders, hereditary disorder; Right panel

shows the next top network involving carbohydrate metabolism, organismal

development, nucleic acid metabolism.



Figure 5. Networks involved in the analyses involving male with nPFOS exposure. The

genes neighboring the significant CpG sites (with greater than 10% change in beta value per

unit of nPFOS change and with more than 1 significant CpG site per gene) were subjected to

pathway analyses. One top network involving cell cycle, nervous system, development and

function, cardiac proliferation was identified.



Table 1.  Descriptive characteristics of study 

population (n=72) and their exposure:

Population Number (Percent)/Mean ± SD 

Female 41(56.94%)

Male 31(43.05%)

Maternal alcohol consumption 11(15.27%)

Maternal age 28.59 ± 2.94

Gestation age 41.76 ± 9.48

Exposure Mean ± SD 

Maternal hair

Hg (ug/g) 3.53 ± 1.68

Cord blood

Hg (ug/L) 19.01 ± 8.14

HCB (ng/mL) 0.04 ± 0.03

DDT/DDE (ng/mL)

ppDDE 0.36 ± 0.46

ppDDT 0.05 ± 0.09

PCB (ng/mL)

PCB101 0.01 ± 0.02

PCB105 0.01 ± 0.03

PCB118 0.04 ± 0.04

PCB138 0.08 ± 0.08

PCB153 0.13 ± 0.12

PCB156 0.02 ± 0.02

PCB180 0.08 ± 0.08

PFCs (ng/mL)

brFOSA 0.28 ± 0.33

brPFOS 1.07 ± 0.83

nFOSA 0.41 ± 0.34

nPFOS 2.16 ± 1.10

PFOA 2.57 ± 2.60

Table



mixed* male# female$

Mercury
cord blood 0 0 0
maternal hair 5 0 0

HCB 0 1238 0

DDE/DDT

ppDDE 0 1473 0

ppDDT 18 0 1

PCBs
PCB101 10 0 0
PCB105 214 0 73
PCB118 0 0 0
PCB138 0 0 0
PCB153 0 0 0
PCB156 1 0 0
PCB180 0 0 0

PFCs
brFOSA 0 1 0
brPFOS 0 0 0
nFOSA 0 11 0
nPFOS 0 10598 0
PFOA 2 0 1

* n=51, CpG sites in chr X and Y were excluded in the analyses
# n=19, CpG sites in chr X and Y were included in the analyses
$ n=32, CpG sites in chr X were included in the analyses

Table 2. Number of CpG sites with methylation change 

significantly associated with the exposure (FDR<0.05)



ID P Value Bonferroni
Genes 

involved
Genes in 
cytoband

% of gene 
involved

1 Xq22 1.85E-06 5.91E-05 3 22 13.64

2 22q13 3.11E-06 9.94E-05 3 26 11.54
3 Xp11.23-p11.22 2.45E-05 7.84E-04 2 7 28.57
4 6q25.2-q27 1.10E-03 3.51E-02 1 1 100.00
5 Xq13-q21 1.10E-03 3.51E-02 1 1 100.00

1 Xp11.23-p11.22 1.05E-07 3.77E-06 3 7 42.86

2 Xq21.1 1.90E-05 6.84E-04 3 35 8.57

3 Xp11.21 1.90E-05 6.84E-04 3 35 8.57
4 6p21.3 3.83E-05 1.38E-03 5 257 1.95

5 Xp22.11 4.81E-04 1.73E-02 2 22 9.09
6 Xq22.3 1.16E-03 4.16E-02 2 34 5.88

1 Xq26.3 2.19E-04 2.19E-03 2 70 2.86
2 Xp22.12 2.54E-03 2.54E-02 1 8 12.50

3 1p36.3 4.44E-03 4.44E-02 1 14 7.14

Table 3. Cytogenetic band analyses of the significant CpG sites found in

HCB_m, ppDDE_m and nPFOS_m studies

HCB_m

ppDDE_m

nPFOS_m



Table 4. Predicted physiological functions of the genes involved in HCB, ppDDE and 

nPFOS analyses of male subjects

HCB

ppDDE

nPFOS



Table 5. Predicted disease outcomes of the genes involved in HCB, ppDDE and nPFOS

analyses of male subjects

HCB

ppDDE

nPFOS
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