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ABSTRACT
An emerging hypothesis linking arsenic toxicity involves altered epigenetic mechanisms, such as 
DNA methylation. In this study, we examined the relationship between parents’ arsenic exposure 
and DNA methylation in tissues obtained from 28 infants with spina bifida from Bangladesh. We 
analyzed arsenic in parents’ toenails using inductively coupled plasma mass spectrometry (ICP- 
MS). DNA methylation was measured in infants’ dural tissue, buccal swabs, and whole blood using 
the Illumina Infinium MethylationEPIC BeadChip. We performed epigenome-wide association 
analyses (EWAS) and tested differentially methylated regions (DMRs). In EWAS, DNA methylation 
at cg24039697 in dural tissue was positively associated (β = 0.59, p = 7.6 × 10−9) with father’s 
toenail arsenic concentrations, adjusting for covariates. We did not identify any CpG sites related 
to father’s arsenic exposure in the other tissues, or any CpG sites related to mother’s arsenic 
exposure. Gene ontology analysis identified many biological pathways of interest, including the 
Wnt signaling pathways. We identified several DMRs across the tissues related to arsenic exposure 
that included probes mapping to genes that have previously been identified in studies of neural 
tube defects. This study emphasizes the potential impact of arsenic exposure in fathers, often 
understudied in epidemiological studies, on DNA methylation in a unique neurological tissue 
specific to spina bifida.
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Introduction

Environmental exposure to arsenic remains a global 
public health problem. Arsenic can be found natu-
rally; human exposure can occur through inhalation 
of arsenic dusts in air, consumption of contaminated 
food and water, and in certain occupational settings 
(i.e., in jobs that involve pesticide application or car-
pentry positions that utilize arsenic-containing com-
pounds). Arsenic-contaminated groundwater is the 
predominant exposure source impacting countries 
such as the United States, India, China, Chile, and 
Bangladesh [1]. In Bangladesh, tubewells (15–-
50 m deep) were installed throughout the country to 

avoid consuming pathogen-contaminated surface 
waters, but many of these wells were later found to 
contain high concentrations of arsenic [2]. Roughly 
16.7% of Bangladesh’s population have household 
drinking water with arsenic concentrations above 
the 10 μg/L World Health Organization guideline 
[3]. Previous studies have shown relationships 
between chronic exposure to arsenic and skin lesions, 
diabetes, and other adverse health conditions [4].

An emerging hypothesis linking arsenic to det-
rimental health outcomes involves epigenetic 
mechanisms, which regulate gene expression but 
do not alter the DNA sequence [5]. Epigenetic 
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mechanisms include histone modifications, non- 
coding RNAs, and DNA methylation, with the 
latter mechanism most frequently examined. 
DNA methylation involves the addition of 
a methyl group to a cytosine ring at its 5-carbon 
position by DNA methyltransferases and it predo-
minately occurs in a CpG dinucleotide [6]. Human 
studies of the impact of arsenic, including prenatal 
exposure, on patterns of global or site-specific 
DNA methylation have been the focus of numer-
ous reviews [7–13].

Most of the analyses of the relationship between 
arsenic exposure and gene-specific DNA methyla-
tion have been conducted using blood samples 
(i.e., leukocyte DNA), with only a few reported 
studies assessing DNA methylation in target tissue, 
such as placenta and exfoliated urothelial cells 
[11]. The examinations undertaken in the present 
study assess DNA methylation profiles in dural 
tissue of children with spina bifida. Dural tissue 
surrounds the brain and spinal cord and protrudes 
in spina bifida, a birth defect caused by incomplete 
closure of the neural plate, the embryonic precur-
sor to the brain and spinal cord, which fails to 
close around three to four weeks of gestation. 
Spina bifida has been associated with detrimental 
health outcomes in surviving children, including 
permanent spinal cord damage and genitourinary 
disorders [1,14]. Arsenic-induced neural tube 
defects have been observed in chicks [15], ham-
sters [16], mice [17], and rats [18]. In human 
epidemiological studies, arsenic levels measured 
in water and biological samples have shown either 
null relationships [19–24] or higher arsenic levels 
observed in neural tube defect cases [25]. Recently, 
we reported a significant and positive association 
between fathers’ arsenic exposure and risk of spina 
bifida, a spinal neural tube defect, in a case-control 
study from Bangladesh that was initiated in 2016 
[26]. In the current study, we utilized data from 
this study population to examine whether parents’ 
arsenic exposure is associated with DNA methyla-
tion in dural tissue, whole blood, and buccal swab 
samples collected from infants from Bangladesh 
with spina bifida. To our knowledge, our study is 
the first to characterize DNA methylation profiles 
in dural tissue, a target nervous system tissue 
collected at surgical closure of the neural tube 
defect, and to assess the association with arsenic 

exposure in parents, particularly fathers who are 
often understudied in epigenetic and exposure 
research.

Materials and methods

Study participants

Study participants included a subset of infants 
with spina bifida and their parents who partici-
pated in a case-control study from 
December 2016 through December 2022 in the 
National Institute of Neurosciences & Hospital 
(NINS&H) in Dhaka, Bangladesh [26]. We used 
samples from 28 cases for whom whole blood, 
buccal swab, and dural tissue were available. The 
Bangladesh Medical Research Council (BMRC 
IRB registration number 006 23 08 2016; refer-
ence number BMRC/NREC/2016-2019/1651; 
approved 10 November 2016) and the Human 
Research Committees at Boston Children’s 
Hospital (protocol number IRB-P00019768; 
approved 22 August 2015) and NINS&H (ERC- 
NINS number 2016/07/10, approved 
1 August 2016) approved all study protocols, 
and informed consent was obtained from parents 
prior to enrollment. All procedures were per-
formed in compliance with relevant laws and 
institutional guidelines.

Folate assessment

Parents were interviewed by trained staff members at 
the hospital visit to gather information on their 
drinking water source, education, occupation, and 
medical history, including maternal use of folic acid 
supplements. Fasting blood samples were collected 
from mothers via venipuncture at the time of the 
infant’s hospital visit. Mothers were instructed to fast 
for a minimum of 8 hours prior to sample collection. 
Blood was collected in a tube without anticoagulant, 
which was centrifuged to separate serum from clot. 
Aliquots from the tube were processed to assess 
serum folate levels. Serum folate was measured 
using a Chemiluminescent Microparticle 
Immunoassay (CMIA) assay on the ARCHITECT 
plus ci4000 (Abbott Company, Abbott Park, IL, 
USA), adhering to the manufacturer’s instructions. 
Folate was measured at NINS&H.

2 G. TINDULA ET AL.



Toenail metal concentrations

A detailed description of the measurement of toe-
nail metals can be found in Tindula et al. [26]. 
Briefly, we collected toenails from mothers and 
fathers at the hospital visit and they were analyzed 
by the Dartmouth Trace Element Analysis Core 
using Inductively Coupled Plasma – Mass 
Spectrometry (ICP-MS) [27]. Quality control pro-
cedures included the incorporation of certified 
reference material, blanks, and spiked controls in 
the experimental runs.

Biospecimen collection

At the time of surgery to close the spina bifida 
defect, we collected whole blood, buccal swab, 
and dural tissue samples from infants. For the 
buccal swab collection, study staff rinsed the 
infant’s mouth and waited at least one hour to 
begin sample collection. A T-swab was inserted 
into the infant’s mouth and rubbed firmly for 
one minute against the inside of the cheek or 
under the lower or upper lip before being 
placed in a BuccalFix Tube containing 0.5 mL 
BuccalFix Stabilization Buffer. This process was 
repeated with a second swab. Collected samples 
were stored at 4°C until shipped to 
Boston, MA.

Staff collected blood from infants in a PAXgene 
Blood DNA Tube (IVD; PreAnalytiX GmbH, 
Hombrechtikon, Switzerland) via venipuncture. 
After inverting the capped tube 8–10 times, the 
tube was transferred to NINS&H freezers and 
within 72 hours to the Bangabandhu Sheikh 
Mujib Medical University (BSMMU), where it 
was stored at −80°C until shipped to Boston for 
long-term storage.

Neurosurgeons provided two 1–2 g cube- 
shaped specimens from discarded dural 
tissue nearest the placode. One of the speci-
mens was placed in a tube and covered in O. 
C.T. compound (Scigen Scientific, 
Gardena, CA). Similar to the blood samples, 
the tubes were initially transferred to NINS&H 
freezers and then within 72 hours to BSMMU 
and were stored at −80°C until shipped to 
Boston, MA.

DNA extraction

Whole blood, buccal swab, and dural tissue sam-
ples were shipped to Génome Québec (Montreal, 
Canada) for DNA isolation analysis. DNA was 
extracted from whole blood and buccal swab sam-
ples using the QIAsymphony DSP DNA Midi Kit 
(Qiagen, Valencia, CA) and processed using the 
QIAsymphony instrument. Dural tissue samples 
were treated with ethanol and water to remove 
the OCT gel and DNA was extracted from the 
tissue with the DNeasy Blood and Tissue Kit 
(Qiagen, Valencia, CA) and the samples were pro-
cessed with the QIAcube Connect instrument, 
according to the manufacturer’s protocol.

DNA methylation analysis

DNA was bisulfite converted using Zymo D5007 
Bisulfite Conversion Kits (Zymo Research, Irvine, 
CA), whole genome amplified, enzymatically frag-
mented, purified, and applied to Illumina Infinium 
MethylationEPIC BeadChips (Illumina, San Diego, 
CA), according to the manufacturer’s instructions. 
DNA from the three tissue types were randomized 
across chips and plates to prevent batch effects. The 
EPIC BeadChips measured DNA methylation at 
a total of 865,859 CpG sites. Probe signal intensities 
were extracted by Illumina GenomeStudio software.

The ewastools package [28] was used initially 
to determine if any samples failed based on 
control metrics of the control probes. All sam-
ples passed the threshold and none were identi-
fied as failures. We subsequently verified that all 
of the samples had average detection p-values 
less than 0.05. Normalization of the methylation 
data involved background correction with dye- 
bias normalization using the preprocessNoob 
function [29] from the minfi package [30], fol-
lowed by stratified quantile normalization using 
the preprocessQuantile function, also included in 
minfi. Probes were filtered in the following 
order: (1) sites with detection p-values greater 
than 0.01 in at least one sample; (2) sites 
mapped to the X and Y chromosomes; (3) sites 
with annotated probe SNPs; and (4) cross-reac-
tive probes identified by Chen et al. [31] and 
Pidsley et al. [32]. A total of 680,819 CpG sites 
remained for downstream analysis.
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Repeat measures for five of the individuals 
were included in the analysis and correlation 
between the samples was high (complete pairwise 
Pearson correlation > 0.99 for all duplicates). For 
repeat samples, the duplicates with the highest 
call rates were retained in the analysis. 
Methylation beta values were logit transformed 
to the M-value scale to better adhere to modeling 
assumptions [33]. To reduce the impact of DNA 
methylation outliers, methylation values greater 
or less than three times the interquartile range 
for a given CpG site were removed prior to sta-
tistical analysis.

Statistical analysis

All toenail arsenic concentrations were log2- 
transformed prior to statistical analysis to account 
for the right-skewed distributions and to reduce 
the influence of outliers. We initially performed 
differentially methylated position (DMP) analysis 
to determine the relationship between toenail 
arsenic (mother’s or father’s) as the exposure and 
DNA methylation in samples collected from 
infants (whole blood, buccal swab, or dural tissue) 
as the outcome. Specifically, we used limma linear 
models with empirical Bayes variance shrinkage 
[34]. Each of the six models (2 parental arsenic 
exposures, 3 sample types from infants with DNA 
methylation data) were adjusted for infant sex, 
infant age at sample collection (in days), mother’s 
serum folate levels (ng/mL), and surrogate vari-
ables, which are surrogates for unmodeled factors, 
calculated using the SmartSVA package to account 
for technical batch effects and tissue heterogeneity 
[35]. Since DNA methylation is cell-type depen-
dent and reference panels of cell types are unavail-
able for dural tissue, we utilized SmartSVA, 
a surrogate variable analysis (SVA) with quicker 
processing time and enhanced false positive con-
trol compared to conventional SVA [35], as 
a method for reference-free adjustment of cell 
mixtures in the DMP analysis. To account for 
multiple testing, for each model we adjusted p- 
values using the Benjamini – Hochberg false dis-
covery rate (FDR) threshold for significance of 
0.05 [36]. We performed gene ontology (GO) ana-
lysis on the results of the differentially methylated 
position analysis using the methylgometh function 

in the methylGSA package [37] in R, extracting 
ontology terms with p-values less than 0.05.

Additionally, we tested differentially methylated 
regions (DMRs) using the combp function [38] in 
the ENmix package [39], which is a modified 
method of the comb-p [40] DMR analysis. 
Regional gene ontology analysis of the results of 
the DMR analysis was performed using the ‘GO’ 
and ‘KEGG’ collections, specified in the goregion 
function in the missMethyl package [41] in R. We 
extracted terms where greater than 2 genes were 
included in the GO term and when the p-value for 
over-representation of the term was less than 0.05.

We performed a lookup analysis to determine 
whether the DMP and DMR results in the current 
study validated findings in recent EWAS [42,43] of 
the relationship between arsenic and DNA methy-
lation. All analyses were performed using version 
17.0 of STATA [44] and version 4.2.2 of the 
R statistical computing software [45].

Results

Parent’s Arsenic and Infant’s DNA methylation 
differentially methylated position analysis

Characteristics of the study participants are pre-
sented in Table 1. Of the 28 infants with samples 
sent for analysis, 25 were included in the whole 
blood DNA methylation analysis and 27 were in 
the dural tissue and buccal swab analyses. Toenail 
levels were significantly and positively correlated 
between mothers and fathers (Pearson correlation 
coefficients using log2-transformed arsenic concen-
trations; dural tissue analysis: 0.63; whole blood 
analysis: 0.76; buccal swab analysis: 0.63). We per-
formed differentially methylated position analysis 
for a total of 6 models: two exposures examined 
(mother’s or father’s toenail arsenic) and three 
infant tissues (dural tissue, whole blood, and buccal 
swab) (Supplemental Figure S1). The top 20 sites 
for each model are displayed in Supplemental 
Table S1. After adjusting for infant age at collection, 
infant sex, maternal serum folate levels, and surro-
gate variables, none of the CpG sites remained sig-
nificant in the maternal arsenic and infant dural 
tissue model after adjusting for multiple testing 
using the Benjamini – Hochberg FDR threshold 
(Supplemental Figure S2). In the models testing 
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the relationship between paternal toenail arsenic 
levels and infant dural tissue DNA methylation, 
only one CpG site (cg24039697, chromosome 10) 
was significant after adjusting for multiple hypoth-
esis testing (β = 0.59, p = 7.6 × 10−9) (Figures 1 
and 2).

In the analyses testing the relationships between 
either mother’s or father’s arsenic and infant 
whole blood DNA methylation, no single CpG 
site was significant (Supplemental Figures S3 and 
S4). Similarly, there were no significant buccal 
swab CpG sites associated with either mother’s or 
father’s arsenic exposure, after accounting for mul-
tiple testing (Supplemental Figures S5 and S6).

Gene ontology analysis of the results of the 
DMP analysis across the 6 models included terms 

from diverse biological pathways (Supplemental 
Table S2). Of particular interest included the six 
Wnt signaling pathway gene ontology terms in the 
paternal arsenic and infant whole blood DNA 
methylation model.

Parent’s Arsenic and Infant’s DNA methylation 
differentially methylated region analysis

We performed differentially methylated regional 
analysis using the DMP output of the epigenome- 
wide association between log2transformed toenail 
arsenic concentrations (mother’s or father’s) and 
DNA methylation levels in dural tissue, whole 
blood, or buccal swab samples from infants, 
adjusting for covariates. The number of significant 

Table 1. Characteristics of the study participants, including infants with spina bifida from a case-control study in Bangladesh, for 
each of the tissue DNA methylation statistical models (mean (SD) or count (%)).

Characteristic Dural Tissue Model (n = 27) Whole Blood Model (n = 25) Buccal Swab Model (n = 27)

Infants
Age at sample collection (days) 174.7 (94.5) 167.3 (96.5) 178.1 (94.6)
Sex (% male) 17 (63.0) 14 (56.0) 17 (63.0)
Birthplace (% home birth) 10 (37.0) 9 (36.0) 10 (37.0)

Mothers
Age (years) 25.9 (5.2) 25.2 (5.3) 25.9 (5.2)
Toenail arsenic (μg/g) 1.4 (1.8) 1.4 (1.8) 1.4 (1.8)
Serum folate (ng/mL) 9.2 (5.0) 8.7 (5.0) 9.2 (5.0)

Fathers
Age (years) 33.9 (7.2) 33.1 (7.4) 33.9 (7.2)
Toenail arsenic (μg/g) 1.7 (1.8) 1.6 (1.8) 1.7 (1.8)

Figure 1. Manhattan plot of the epigenome-wide association between log2transformed father’s toenail arsenic concentrations (μg/g) 
and DNA methylation levels (M-values) in dural tissue samples from infants with spina bifida, adjusting for infant age at collection 
(days), infant sex, maternal serum folate levels (ng/mL), and surrogate variables. The red horizontal line represents the Bonferroni 
threshold.
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(Sidak p-value <0.05) DMRs for each of the 6 
models ranged from 3 to 19, with the greatest 
number of DMRs observed in the analysis of the 
association between mother’s toenail arsenic and 
infant whole blood DNA methylation (Table 2 and 
Supplemental Table S3). A subset of the genes 
mapping to the DMRs overlapped across models 
(Figure 3). In the models assessing the association 
between mother’s or father’s arsenic exposure and 
infant whole blood DNA methylation, DMRs 
mapping to ABAT, ZBTB22, TAPBP, RABGAP1L, 
HOXC4, C20orf123, and OCSTAMP were reported 
in both models. DMRs mapping to both C8orf73 
and MROH6 were observed in the models asses-
sing parent’s arsenic exposure and dural tissue 
DNA methylation. Additional genes mapping to 
DMRs were found to overlap across different tis-
sue models; specifically, APOC2 and APOC4- 
APOC2 in the mother’s arsenic and dural tissue 
or whole blood models, LOC102723376 in the 
mother’s arsenic and whole blood or buccal swab 
models, and C1orf69 in the father’s arsenic and 
whole blood or buccal swab models.

Exploratory gene ontology analysis of the DMR 
results identified numerous biological pathways over-
lapping between different parental arsenic and infant 
DNA methylation models (Supplemental Tables S4 
and S5). For example, in the regional gene ontology 
analysis using the ‘GO’ collection of pathways, 112 
gene ontology terms, which were associated with at 
least two of the genes mapping to a DMR and had 
a p-value less than 0.05, were found in both models 
assessing parent’s arsenic and infant whole blood 
DNA methylation. The next two models with the 
greatest overlap in gene ontology terms were (1) 
mother’s arsenic and infant dural tissue and (2) 
mother’s arsenic and infant whole blood, with 64 
overlapping terms across an array of biological path-
ways. In the gene ontology analysis using KEGG path-
ways, gene ontology terms related to metabolism were 
found between different analysis models. For instance, 
the ‘cholesterol metabolism’ term was found in the 
models for both (1) mother’s arsenic and infant dural 
tissue and (2) mother’s arsenic and infant whole 
blood. Additional metabolism terms (i.e., Butanoate 
metabolism; beta-Alanine metabolism; Propanoate 

Figure 2. Volcano plot of the epigenome-wide association between log2transformed father’s toenail arsenic concentrations (μg/g) 
and DNA methylation levels (M-values) in dural tissue samples from infants with spina bifida, adjusting for infant age at collection 
(days), infant sex, maternal serum folate levels (ng/mL), and surrogate variables. The red horizontal line represents the Bonferroni 
threshold.
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Table 2. Differentially methylated regions (DMRs) of epigenome-wide associations between log2-transformed toenail arsenic 
concentrations (mother’s or father’s; μg/g) and DNA methylation levels (M-values) in dural tissue, whole blood, or buccal swab 
samples from infants with spina bifida, adjusting for infant age at collection (days), infant sex, maternal serum folate levels (ng/mL), 
and surrogate variables.

Arsenic 
Exposure

DNA 
Methylation Chr Start End Sidak p

# of 
Probes Genes

Average Regression 
Coefficienta

Maternal Dural Tissue
4 99,850,885 99,851,282 5.3E-06 8 EIF4E −0.31
8 144,654,887 144,655,169 5.3E-04 5 C8orf73, MROH6 −0.29

11 8,931,473 8,931,709 3.8E-06 4 AKIP1, ST5, C11orf17 −0.35
12 11,708,829 11,709,052 1.0E-03 3 LINC01252 0.24
16 86,994,949 86,995,082 5.1E-04 3 −0.20
17 48,042,779 48,043,064 9.0E-04 4 0.32
18 55,862,468 55,862,873 1.0E-03 7 NEDD4L 0.18
19 45,449,006 45,449,166 6.5E-03 5 APOC2, APOC4-APOC2 0.17
20 62,327,968 62,328,095 1.1E-03 4 TNFRSF6B, RTEL1- 

TNFRSF6B
−0.36

Paternal Dural Tissue
2 241,564,613 241,564,828 4.7E-04 4 GPR35 −0.19
8 144,654,887 144,655,261 1.6E-12 6 C8orf73, MROH6 −0.31
8 144,659,831 144,659,884 8.6E-03 2 NAPRT1 −0.40

Maternal Whole Blood
1 116,021,925 116,022,092 4.4E-03 3 −0.11
1 174,843,523 174,843,972 4.0E-10 7 RABGAP1L −0.10
1 209,897,614 209,897,838 3.9E-03 3 HSD11B1 0.07
2 10,571,959 10,572,110 4.9E-04 2 −0.25
2 242,702,749 242,702,933 4.4E-03 3 D2HGDH −0.10
4 1,166,767 1,167,070 6.4E-05 8 LOC100130872-SPON2, 

SPON2
−0.07

4 153,099,743 153,099,834 3.7E-03 3 0.08
6 33,280,149 33,280,401 3.2E-02 7 TAPBP −0.08
6 33,282,736 33,283,294 2.7E-12 23 ZBTB22, TAPBP −0.08

10 81,904,244 81,904,332 4.7E-03 2 PLAC9 −0.22
10 101,825,029 101,825,186 1.8E-03 4 CPN1 −0.10
12 54,446,019 54,446,577 7.3E-09 10 HOXC4 0.19
16 8,806,359 8,807,012 0.0E + 00 11 ABAT −0.25
18 10,862 11,156 3.1E-03 8 LOC102723376 −0.13
19 719,323 719,633 1.9E-04 3 PALM −0.15
19 45,449,006 45,449,166 4.4E-03 5 APOC2, APOC4-APOC2 0.16
19 49,522,817 49,523,047 2.9E-04 3 −0.37
20 43,935,222 43,935,552 4.5E-09 10 MATN4, RBPJL −0.14
20 45,179,226 45,179,414 1.7E-04 5 C20orf123, OCSTAMP 0.08

Paternal Whole Blood
1 174,843,523 174,843,768 1.2E-05 5 RABGAP1L −0.10
1 228,361,582 228,361,642 1.2E-02 2 C1orf69, IBA57 −0.26
3 113,417,803 113,418,005 1.3E-03 3 −0.10
6 33,282,736 33,283,294 1.1E-10 23 ZBTB22, TAPBP −0.09
6 33,560,953 33,561,450 3.3E-03 8 C6orf227 −0.23
6 76,203,225 76,203,676 7.3E-09 7 FILIP1 0.18
9 114,557,226 114,557,447 1.5E-04 4 C9orf84 −0.19

10 4,868,328 4,868,399 7.7E-03 6 AKR1E2 0.19
10 72,219,713 72,219,820 7.4E-04 3 −0.16
12 54,413,101 54,413,559 9.3E-06 5 HOXC6, HOXC5, HOXC4 0.12
12 54,446,019 54,446,577 5.5E-10 10 HOXC4 0.23
14 54,418,728 54,418,881 7.7E-04 4 BMP4 0.15
16 8,806,359 8,807,012 0.0E + 00 11 ABAT −0.28
19 7,983,877 7,984,172 1.1E-05 5 SNAPC2 −0.18
19 49,522,817 49,523,047 1.2E-05 3 −0.42
20 45,179,226 45,179,414 4.2E-03 5 C20orf123, OCSTAMP 0.09

Maternal Buccal Swab
6 33,288,180 33,288,636 1.9E-06 8 DAXX −0.16

13 114,138,225 114,138,358 2.6E-02 4 DCUN1D2 −0.16
16 2,879,998 2,880,168 1.1E-05 3 ZG16B −0.21
18 10,862 11,156 3.4E-05 8 LOC102723376 −0.16

Paternal Buccal Swab
1 228,362,309 228,362,510 5.8E-04 3 C1orf69 −0.72
8 6,481,431 6,481,609 3.8E-05 3 MCPH1, MCPH1-AS1 −0.27

14 37,126,582 37,126,903 3.6E-07 4 PAX9 −0.43
15 86,313,834 86,313,974 2.1E-06 7 MIR1276, KLHL25 0.19
21 46,654,108 46,654,236 1.7E-06 3 −0.22

Abbreviations: chr, chromosome. 
aThe average regression coefficient on the M-value scale was calculated by extracting the EWAS coefficients for each CpG site included in a DMR and 

then averaging the values across the CpG sites. 
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metabolism; and Alanine, aspartate and glutamate 
metabolism), as well as the terms ‘Valine, leucine 
and isoleucine degradation’ and ‘antigen processing 
and presentation,’ were observed in both the mother’s 
and father’s arsenic models related to infant whole 
blood DNA methylation.

Lookup analysis

In comparing the results from the current EWAS, 
specifically the significant and positive association 
between DNA methylation at cg24039697 in dural 
tissue and father’s toenail arsenic concentrations (β  
= 0.59, p = 7.6×10−9), we were not able to validate the 
finding in recent EWAS of arsenic exposure and DNA 
methylation [42,43]. DMP results for the current 
EWAS models for the overlapping probes that were 
identified as significantly associated with arsenic 
exposure from the analysis by Bozack and colleagues 
can be found in Supplemental Tables S6 and S7. We 
were not able to replicate any of the DMRs identified 
in the previous studies in our current analysis.

Discussion

In this study, we examined the relationship 
between parent’s arsenic exposure and DNA 

methylation in multiple tissues collected from 
infants with spina bifida, including dural tissue, 
a neurological tissue that is difficult to obtain 
from living patients. We found that arsenic con-
centration in father’s toenails was associated with 
dural tissue DNA methylation at the CpG site, 
cg24039697, after adjusting for multiple hypothesis 
testing and relevant covariates (p = 7.6 × 10−9). 
Gene ontology analysis of the CpG site-specific 
results identified biological pathways relevant to 
neural tube defects; in particular, the Wnt signal-
ing pathways highlighted from the results of the 
father’s arsenic and infant whole blood model. In 
addition, regional analysis for each parent arsenic 
and infant DNA methylation model identified 
numerous DMRs, with the total number of 
DMRs for a given model ranging from 3 to 19. 
Gene ontology analysis of the regional results 
spanned an array of biological pathways, including 
terms related to different metabolic pathways. The 
findings from this study are critical as they address 
the knowledge gap of the relationship between 
arsenic exposure in parents, which remains 
a public health concern in many areas of the 
world, and tissue-specific DNA methylation in 
infants, including an understudied nervous system 
tissue.

Figure 3. Upset plot of the genes mapping to the differentially methylated regions (DMRs) of the epigenome-wide association 
between log2transformed toenail arsenic concentrations (mother’s or father’s; μg/g) and DNA methylation levels (M-values) in dural 
tissue, whole blood, or buccal swab samples from infants with spina bifida, adjusting for infant age at collection (days), infant sex, 
mother’s serum folate levels (ng/mL), and surrogate variables.
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Increasing evidence from studies in humans 
have demonstrated relationships between arsenic 
exposure and epigenetic alterations, including glo-
bal or site-specific DNA methylation, and the 
associations have been examined in numerous 
reviews [7–13]. Challenges with synthesizing stu-
dies of the impact of arsenic exposure on DNA 
methylation, and their lack of consistency in spe-
cific differential methylation signatures, may be 
a result of differences in timing, dose, and assess-
ment matrices of arsenic exposure [7], as well as 
differences in aspects of the DNA methylation 
assessment, including platforms used, targeted 
regions assessed, and tissue type. The majority of 
EWAS examining the impact of arsenic exposure 
have characterized DNA methylation in blood 
samples [7].

In the current study, we identified novel CpG 
site-specific and regional DNA methylation asso-
ciations in infant dural tissue, a tissue collected 
during spina bifida surgery and potentially an 
important target tissue in understanding the rela-
tionships between environmental exposures and 
spina bifida pathogenesis. In the analysis of 
father’s toenail arsenic and infant dural tissue 
DNA methylation in the current study, 
cg24039697 was positively and significantly asso-
ciated with arsenic exposure. This CpG site has 
been previously observed to be differentially 
methylated related to stages of osteoarthritis (sub-
chronal bone DNA methylation) [46], pre- 
pregnancy maternal underweight status (cord 
blood DNA methylation) [47], and pancreatic duc-
tal adenocarcinoma (pancreatic ductal adenocarci-
noma and nontransformed pancreata DNA 
methylation) [48]. The site, cg24039697, is located 
on chromosome 10 within the gene body of 
FLJ45983, a gene with unknown function pre-
viously observed to have increased methylation in 
tissues collected from patients with breast cancer 
[49]. Another study reported greater DNA methy-
lation of FLJ45983 in buccal cells among NICU 
infants experiencing serious neonatal morbid-
ities [50].

In the regional analysis, we observed associa-
tions of arsenic exposure in fathers and mothers 
with infant DNA methylation in dural tissue at 
three and nine DMRs, respectively. The models 
with the greatest number of observed DMRs 

corresponded to the analyses of (1) mother’s 
arsenic and infant whole blood DNA methylation 
and (2) father’s arsenic and infant whole blood 
DNA methylation, with 19 and 16 DMRs, respec-
tively. Genes mapping to DMRs were found to 
overlap across different models. Of the 19 unique 
genes mapping to DMRs in the model of mother’s 
arsenic and infant whole blood DNA methylation 
and the 17 unique genes from the model of father’s 
arsenic and infant whole blood DNA methylation, 
seven genes (ABAT, ZBTB22, TAPBP, RABGAP1L, 
HOXC4, C20orf123, and OCSTAMP) were 
reported in both models. Differentially methylated 
regions within the ABAT gene have previously 
been associated with glyphosate exposure [51] 
and autism spectrum disorder [52]. DNA methyla-
tion at CpG sites or regions within the TAPBP 
gene has been associated with factors such as 
mother’s pre-pregnancy obesity [53] and night 
shift work [54]. DNA methylation at TAPBP and 
ZBTB22, another overlapping gene between the 
models, has been linked to maternal sensitivity 
[55]. Additional genes found to overlap across 
different tissue models included (1) C8orf73 and 
MROH6 in the parent’s arsenic and infant’s dural 
tissue models, (2) APOC2 and APOC4-APOC2 in 
the mother’s arsenic and dural tissue or whole 
blood models, (3) LOC102723376 in the mother’s 
arsenic and whole blood or buccal swab models, 
and (4) C1orf69 in the father’s arsenic and whole 
blood or buccal swab models.

A subset of the genes mapping to the DMRs 
found in the current study have previously been 
associated with birth defects, including spina 
bifida. A study by Rochtus et al. [56], assessing 
DNA methylation in leukocytes in patients with 
spina bifida (i.e., myelomeningocele) compared to 
controls, observed significant hypomethylation of 
CpG sites within the ABAT gene in DNA methyla-
tion analysis using the Illumina 450K BeadChip 
array. In validation analysis in a larger cohort of 
cases and controls using the Sequenom EpiTYPER, 
the authors were not able to replicate the signifi-
cant methylation difference between the groups in 
the ABAT gene. Additionally, CpG sites within the 
RABGAP1L gene have been shown to be differen-
tially methylated in infants born with congenital 
Zika virus microcephaly compared to controls, 
with lower methylation observed in cases [57]. 
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The gene, HOXC4, along with other members of 
the Hox family of genes important in neural tube 
closure, have previously been shown by Yu and 
colleagues to be upregulated in a retinoic acid 
induced mouse neural tube defect model and in 
retinoic acid treated embryonic stem cells [58]. 
Additionally, the authors compared mRNA levels 
in brain tissues collected from fetuses with neural 
tube defects (i.e., anencephaly, spina bifida, spina 
bifida and hydrocephaly, and encephalocele) with 
those in age-matched controls. They observed that 
HOXC4 expression was significantly upregulated 
compared to controls only in the tissues collected 
from patients with anencephaly.

Gene ontology analysis of the differentially 
methylated position and region analyses revealed 
diverse biological pathways. Of particular rele-
vance, given the assessment of DNA methylation 
in samples collected from infants with neural tube 
defects, were the Wnt signaling pathways in the 
DMP gene ontology analysis of the father’s arsenic 
and infant whole blood DNA methylation model. 
Wnt ligands bind to receptors and co-receptors to 
initiate signal transduction pathways that are 
either β-catenin-dependent (canonical) or β- 
catenin-independent (non-canonical) [59]. Wnt 
signaling is involved in embryonic developmental 
processes, such as neurulation [59]. Neural tube 
closure is dependent on both convergent extension 
and neural-plate apical constriction, processes that 
are connected by the non-canonical Wnt/planar 
cell polarity (PCP) pathway [60,61]. In our study, 
gene ontology terms related to regulation and cell- 
cell signaling of the Wnt pathway were observed 
for the DMP analysis of father’s arsenic and infant 
whole blood, an intriguing finding given the 
exploratory nature of the gene ontology analysis 
and the relevance of Wnt signaling in neural tube 
development.

One of the limitations of the current study was 
the small sample size, which limited our power to 
detect associations between parent’s arsenic and 
infant DNA methylation. This was reflected in 
mostly null findings in individual CpG analyses. 
However, regional analyses increase statistical 
power [62] and provided some evidence of asso-
ciations across tissues, but these findings must be 
interpreted with caution as a higher type I error 
rate is possible with these methods [63]. 

Enrollment and tissue collection was limited to 
infants undergoing surgery at a hospital in order 
to close the neural tube defect. Since only case 
children were included in the analysis and we did 
not collect the same biological samples from con-
trols, we were not able to discern epigenetic differ-
ences between individuals with and without neural 
tube defects.

One of the strengths of the study included the 
characterization of arsenic in toenail samples col-
lected from both mothers and fathers. Toenail 
samples reflect exposures from the past 3–18  
months [64,65]. Due to the ubiquitous exposure 
of individuals to arsenic contaminated water in 
Bangladesh, we expect exposure to be relatively 
stable over time. Although we did not have repeat 
toenail measures in the current analysis, a previous 
study of 52 women from Bangladesh with toenails 
collected during the first prenatal visit and within 
two weeks after birth demonstrated a moderate 
and significant correlation (correlation coefficient 
of 0.49) between the measurements [66]. Since we 
were able to collect exposure information from 
fathers, our study adds to the growing body of 
literature demonstrating relationships between 
exposure and health status of fathers and child 
DNA methylation. For instance, DNA methylation 
in children has been associated with father’s obe-
sity [67–69], adverse childhood experiences [70], 
and nutrition [71]. Another strength included the 
ability to leverage DNA methylation data from 
multiple tissue types collected from infants with 
spina bifida to explore tissue-specific effects of 
parental arsenic exposure. Our study assessed 
DNA methylation in dural tissue, a unique and 
understudied tissue collected from infants with 
spina bifida at the time of surgical closure of the 
neural tube defect, with findings suggesting asso-
ciations at both the CpG and regional level related 
to arsenic exposure in parents.

In conclusion, we measured arsenic, a chemical 
with widespread exposure due to contaminated 
drinking water in Bangladesh, in toenail samples 
from parents of infants with spina bifida, a severe 
birth defect with lifelong health consequences in 
surviving children. We reported a novel and sig-
nificant association between father’s toenail 
arsenic and infant dural tissue methylation at 
cg24039697 (FLJ45983), a CpG site on 
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chromosome 10. Multiple DMRs were reported for 
each of the analysis models, with the majority 
observed in the parent’s arsenic and infant’s 
whole blood analyses. Gene ontology analysis of 
the EWAS DMP results for all parent’s arsenic and 
infant’s tissue methylation models highlighted sev-
eral pathways involved in early development and 
neurology. Of particular interest were the Wnt 
signaling pathways, which are involved in neural 
tube closure.

We plan to extend the current analysis in 
a larger group of participants and to explore the 
relationship of arsenic and genetic, epigenetic, and 
nutritional factors on DNA methylation patterns 
in samples collected from infants with spina bifida. 
In our previous findings [26] we observed that 
father’s arsenic exposure was associated with 
increased risk of neural tube defects in participants 
of the case-control study. The results from the 
current analysis expand on our previous study 
and indicate potential methylation differences in 
target tissue of spina bifida cases following father’s 
arsenic exposure. We are interested in exploring 
potential mechanisms that could mediate the 
influence of father’s exposure on child disease 
risk and the potential ameliorating effects of 
father’s folic acid supplementation.
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