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Abstract

Background: In utero arsenic exposure may alter fetal developmental programming by altering DNA methylation,
which may result in a higher risk of disease in later life. We evaluated the association between in utero arsenic
exposure and DNA methylation (DNAm) in cord blood and its influence in later life.

Methods: Genome-wide DNA methylation in cord blood from 64 subjects in the Taiwanese maternal infant and
birth cohort was analyzed. Robust regressions were applied to assess the association of DNA methylation with in
utero arsenic exposure. Multiple testing was adjusted by controlling false discovery rate (FDR) of 0.05. The DAVID
bioinformatics tool was implemented for functional annotation analyses on the detected CpGs. The identified CpGs
were further tested in an independent cohort. For the CpGs replicated in the independent cohort, linear mixed
models were applied to assess the association of DNA methylation with low-density lipoprotein (LDL) at different
ages (2, 5,8, 11 and 14 years).

Results: In total, 579 out of 385,183 CpGs were identified after adjusting for multiple testing (FDR = 0.05), of which
~60% were positively associated with arsenic exposure. Functional annotation analysis on these CpGs detected

17 KEGG pathways (FDR = 0.05) including pathways for cardiovascular diseases (CVD) and diabetes mellitus. In the
independent cohort, about 46% (252 out of 553 CpGs) of the identified CpGs showed associations consistent with
those in the study cohort. In total, 11 CpGs replicated in the independent cohort were in the pathways related to
CVD and diabetes mellitus. Via longitudinal analyses, we found at 5 out of the 11 CpGs methylation was associated
with LDL over time and interactions between DNA methylation and time were observed at 4 of the 5 CpGs,
€g25189764 (coeff = 0.157, p-value = 0.047), cg04986899 (coeff. For interaction [coeff.int] = 0.030, p-value = 0.024),
€g04903360 (coeff.int = 0.026, p-value = 0.032), cg08198265 (coeff.int = —0.063, p-value = 0.0021), cg10473311
(coeffint = —0.021, p-value = 0.027).

Conclusion: In utero arsenic exposure was associated with cord blood DNA methylation at various CpGs. The
identified CpGs may help determine pathological epigenetic mechanisms linked to in utero arsenic exposure. Five
CpGs (cg25189764, cg04986899, cg04903360, cg08198265 and cg10473311) may serve as epigenetic markers for
changes in LDL later in life.
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Background

Arsenic, a widespread element in the environment, poses
a serious threat to human health. Millions of people
around the globe are exposed to arsenic from drinking
water that exceeds the safe limit of 10 ppb as recom-
mended by World Health Organizations [1]. Arsenic is
known to easily pass through the placenta in humans and
other mammals, producing arsenic concentrations in cord
blood similar to maternal blood [2]. Epidemiological stud-
ies have reported that gestational arsenic exposure is asso-
ciated with increased risk of non-cancerous and cancerous
diseases in adulthood [3, 4]. For instance, a number of
studies have shown that early life arsenic exposure is asso-
ciated with later cardiovascular diseases (CVDs) [5-7]. In
animal studies, in utero exposure to low level arsenic in
the womb and in adulthood was found to be associated
with diabetes mellitus [8].

The mechanisms through which in utero exposure to
arsenic may result in a higher risk of various diseases are
not well understood. However, harmful effects such as
the generation of reactive oxygen species (ROS), which
causes oxidative DNA damage, binding and inhibition of
arsenic metabolites to enzymes, and perturbation of key
signaling pathways, are thought to play certain roles in
disease development [9]. In addition, clinical and epi-
demiological studies have observed that environmental
exposure in early life can affect the risk of disease later
in life through a phenomenon known as developmental
programming [4, 10, 11]. The study of epigenetic changes
such as DNA methylation alterations that can affect
gene activity may provide insight into developmental
programming [12].

Studies found that chronic arsenic exposure in adults
is associated with increased DNA methylation extracted
from whole blood leukocytes [13, 14]. Experimental
studies in animals have also shown that intra-uterine
exposure to arsenic alters DNA methylation in offspring
[15]. Some studies examined the association of genome-
wide DNA methylation in cord blood with in utero arsenic
exposure [16—18]. These studies were based on cohorts
established in the United States [16], Mexico [17] and
Bangladesh [18]. Some of the studies did not identify any
statistically significant CpGs at the whole epigenome level,
and thus focused on the top 100 [16] or 500 CpG sites
[18] potentially associated with in utero arsenic exposure.
The study by Kile et al. [19] investigated the association of
CpG sites in p16, p53, LINE-1 and Alu repetitive ele-
ments. Rojas et al. [17], on the other hand, did identify a
set of statistically significant CpGs associated with in utero
arsenic exposure in a cohort established in Mexico.

Our study, based on data from a prospective birth co-
hort study established in Taiwan, aimed to comprehen-
sively assess genome-wide DNA methylation in cord
blood in association with in utero arsenic exposures (using
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maternal urinary arsenic concentrations), identify CpG
sites showing such statistically significant associations
after adjusting for multiple testing by controlling false
discovery rate (FDR), and examine possible pathways of
genes involving the identified CpGs. Additionally, we
attempted to replicate our finding in an independent birth
cohort (New Hampshire birth cohort study; NHBCS) and
further assessed longitudinal associations of DNA methy-
lation with disease biomarkers measured at later ages in
our cohort from Taiwan. The findings will contribute to
an improved understanding of the adverse mechanisms of
in utero arsenic exposure on genome-wide epigenetic vari-
ation and whether epigenetic markers in cord blood can
influence children’s diseases risk later in life.

Methods

Taiwanese maternal infant and Birth Cohort description
The data resulted from the Maternal and Infant Cohort
Study in Taiwan investigating various in utero and post-
natal factors considered to affect child health outcomes
[4]. All pregnant women participating in this study
signed informed consent forms explaining the benefits
and risks of participation. This study was approved by
Human Ethical Committee of the National Health
Research Institutes in Taiwan. Pregnant women who
received medical care at a local medical center were in-
vited to join this study between December 2000 and
November 2001. Among the 610 women who met the
requirement, 430 volunteered to participate in the
study (the flow of data collection in Additional file 1:
Figure S1). Of the 430 pregnant women, 117 were ex-
cluded due to non-compliance of providing samples.
Urine samples were then collected from the remaining
313 pregnant women during the third trimester (28—
38 weeks of gestation). In total 313 livebirths were re-
ported as noted in our earlier work [4]. Out of the 313
livebirths 9 were twins and one of the twins was randomly
selected for subsequent studies. In addition, five newborns
could not be included due to loss of follow up. This
resulted in 299 mother-newborn pairs. The cord blood
sample was collected for all the 299 mother-newborn
pairs. DNA methylation was measured for 64 cord blood
samples that had required DNA concentration and quality
for this epigenome assay.

Data Collection, Pre-processing, and Cell Mixture
Assessment (Additional file 2: Material 1).

Participants provided a spot urine sample at the
time of enrollment in this study (at 28-38 weeks of
gestation), and Arsenite (As™), arsenate (As"), mono-
methylarsonic acid (MMA), and dimethylarsinic acid
(DMA) were quantified using high-performance liquid
chromatography/inductively coupled plasma mass
spectrometry (HPLC-ICP-MS). Anion exchange col-
umns were used (Hamilton PRP X-100 [10 um particle
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size, 250 mm x 4.1 mm]) for arsenic speciation. Cre-
atinine was measured by the Beckman Synchron LX20
auto-system (Beckman Coulter, Brea, CA, USA) in the
central lab of Chung-Ho Memorial Hospital of Kao-
hsiung Medical University using a spectrophotometric
method with picric acid as the reactive at 520 nm.

DNA was isolated from cord blood samples and DNA
methylation was measured using Illumina Infinium
HumanMethylation 450 BeadChip (Illumina, San Diego,
CA). DNA methylation was pre-processed using the
Bioconductor minfi package. Cell type proportions of six
cells were estimated using the R function estimate-
CellCounts in the R package minfi [20, 21]. Detailed
information of this section can be found in Additional
file 2: Material 1. The LDL Cholesterol Direct method
was used to measure LDL cholesterol from the serum
and plasma of the participants using the ADVIA
Chemistry systems.

Replication study

The replication study was conducted within the New
Hampshire Birth Cohort Study (NHBCS) described else-
where [22]. Details about the replication sample are pro-
vided in the supplemental materials (Additional file 3:
Material 2). Briefly, the NHBCS began enrollment in 2009
and is an ongoing prospective birth cohort in the north-
eastern United States aimed at studying environmental
and lifestyle factors that may impact the health of preg-
nant mothers and their children. Spot urine samples were
collected between 24 and 28 weeks gestation. DNA
methylation from cord blood was assessed using the Illu-
mina Infinium HumanMethylation450 BeadChip.

Statistical analyses
The dataset consists of 64 samples from cord blood
specimen with DNA methylation data for 485,577 CpG
site. Preprocessing of DNAm was performed using
Subset-quantile Within Array Normalization (SWAN)
[23] available in Bioconductor package minfi [24]. The
preprocessing deleted 65 control probe CpG sites, 16,632
CpG sites with detection p-value > 0.01, 11,648 CpG sites
that were located on X or Y chromosomes, and 72,049 lo-
cated on probe SNPs or were within 10 base pairs of the
probe SNPs. After the quality control, 385,183 CpG sites
were retained for statistical analysis. The pre-processed
DNAm data in beta values were transformed to M values,
approximated as log2 [B/(1-B)], in order to ensure a better
fit to statistical model assumptions used in our analyses.
To identify CpG sites whose DNAm is influenced by in
utero arsenic exposure (tAs), robust regressions (ImFit
function R-package limma) [25] were applied to model
the association of DNAm with urinary creatinine-adjusted
total arsenic (tAs). Child’s sex, batch effect, mother’s age,
mothers pre-pregnancy BMI, and education level, and
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estimated blood cell proportions (CD8T, CD4T, NK, and
B-cells, monocytes and granulocytes [20, 21]) were
included as covariates. Robust regressions in [limma
package use an empirical Bayes approach to estimate sam-
ple variances which provides stable inference when the
number of arrays is small [26]. In the robust regression
analyses, multiple testing is adjusted by controlling FDR
of 0.05. For the replication analyses we reproduced the
statistical models described above in the NHBCS sam-
ple. CpGs with regression coefficients are in the same
directions were considered to be successfully replicated,
and we attempted to control for multiple testing via
FDR of 0.05.

To assess the association of DNA methylation at CpGs
of genes in some of the identified pathways with longitu-
dinal (2, 5, 8, 11 and 14 years) low-density lipoprotein
(LDL), a biomarker for CVD and diabetes, we applied
linear mixed models. Log;o LDL concentrations at differ-
ent ages were the dependent variable and residuals of
DNA methylation, age, as well as interaction between
age and DNA methylation were included in the model
as predictors, and sex, birth weight, were treated as co-
variates. Since BMI is known to be associated with LDL
among children [27], to assess potential confounding ef-
fects, we performed another analysis by including chil-
dren’s BMI Z-scores at the ages of 2, 5, 8, 11, and
14 years into the linear mixed model. BMI was calcu-
lated as weight (kg) divided by height squared (m?). A
BMI Z-Score of a subject was calculated as the ratio of
difference between the subject’s BMI and BMI sample
mean over the sample standard deviation of BMI. To
further assess possible mediation effects of DNA methy-
lation on the connection between arsenic exposure and
LDL, we evaluated the association of in utero arsenic
exposure with LDL at different ages (2, 5, 8, 11, and
14 years) using a linear mixed model. A statistical signifi-
cance level was set at 0.05. The residuals of DNA methyla-
tion were obtained by regressing DNA methylation at
each of 12 CpG sites on proportions of each of the six cell
types (CD8T, CD4T, NK, and B-cells, monocytes and
granulocytes) and batch.

Pathway analyses (Additional file 2: Material 1)

Database for Annotation, Visualization and Integrated
Discovery (DAVID) [28] was used to identify the
enriched pathways associated with genes linked to the
identified CpG sites. Detailed information on DAVID is
in Additional file 2: Material 1.

Accessible resource for integrated Epigenomic studies
(ARIES) and Assessment of DNAm stability

ARIES is based on a sub-cohort of the Avon Longitudinal
Study of Parents and Children (ALSPAC) [29, 30]. It pro-
vides population based resource of DNA methylation data.
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ARIES consists of 1018 mother-offspring pairs with DNA
samples at two time points for the mother (at an antenatal
clinic and at a follow-up clinic when their offspring
around age 15 years) and three time points for the off-
spring (at birth, childhood around 7 years, and adoles-
cence around 15 years). DNA methylation for children at
birth was derived from cord blood, while at later ages it
was from peripheral blood. Stability of DNA methylation
for each CpG site was assessed by Gene view in ARIES ex-
plorer (http://www.ariesepigenomics.org.uk/ariesexplorer).
This explorer lists all the CpG sites related to the specific
genes. The stability of DNAm at a CpG site was assessed
by comparing the median/variance of beta values at differ-
ent ages of mothers as well as different ages of their off-
spring (birth, 7 years, and 15-17 years). CpG sites with
approximately constant median/variance of beta values
were considered stable.

Results

The data were from a birth cohort study examining mul-
tiple in utero and postnatal factors in relation to child
health outcomes as part of the nationwide Taiwan Mater-
nal and Infant Cohort Study established in Taiwan in
2000-2001 [4]. In total, 64 subjects with genome-wide
DNA methylation in cord blood, level of maternal urinary
arsenic exposure, urinary creatinine, along with a child’s
sex, gestational age, maternal age, maternal pre-pregnancy
body mass index (BMI) and the mother’s educational level
were available and utilized in the study. Table 1 presents a

Table 1 Comparison of study sample with the whole cohort

All mothers and their
newborn (n = 299)

Study sample
(n=64)

Variables Mean + SD. or Mean + SD. or p-value
number(%) or  number(%) or
Median(IQR) ~ Median(IQR)
Maternal Characteristics
Age (Years) 289 + 48 283+ 42 032
Pre-pregnant 205+ 26 256 + 39 192 x 107
BMI (kg/m?)
Arsenic metabolites
ug g~ crea®
Total arsenic 23.19(21.2) 22.26(28.51) 0.52
Inorganic arsenic 0.83(0.92) 0.79(1.11) 09
MMA 040(1.48) 0.46(1.85) 0.7
DMA 20.73(18.23) 20.01(24.82) 052
Maternal Education 512%107"°
<high school 3 (4.7%) 132(44%)
high school +2 years  22(34.3%) 117(39%)
=high school +4 years  39(61%) 50(17%)
Newborns
Gestational Age 39+12 39+28 1

(weeks)

% ug g‘1 crea: pg per g creatinine
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comparison of characteristics of 64 subjects in the study
with those from whole cohort (n = 299). The pre-
pregnancy BMI and education level in the study sample
were likely to be different from those in the whole cohort
(Table 1). Table 2 compares the characteristics of pregnant
women and newborns by sex. Of the 64 newborns, 38
(59.4%) were male. Maternal characteristics are compar-
able between male and female newborns, and there is no
statistically significant difference in gestational ages be-
tween sexes of newborns.

The levels and distribution of arsenic metabolites in ma-
ternal urine after adjusting for creatinine levels are shown
in Table 3, distinguishing between mono-methylated
arsenic (MMA), di-methylated arsenic (DMA), inorganic
arsenic (iAs), and the sum of the three (total arsenic or
tAs). Concentrations of each urinary arsenic species
showed a large variation among the 64 mothers. We fo-
cused on tAs to represent overall arsenic exposure. The
distribution of tAs is severely skewed with a median of
23.19 ug per gram creatinine (ug g crea [creatinine]),
and 5th and 95th percentiles being 3.76 pug g™* crea and
76.02 ug g crea, respectively (Table 3 and Additional file
4: Figure S2). The results reported in this article are based
on log10-transformed total arsenic concentration.

After pre-processing the DNA methylation data (see the
Methods section, and Additional file 1: Figure S1),
385,183 CpG sites were analyzed. The flow for the ana-
lyses is depicted in Fig. 1. Epigenome-wide assessments of
statistical associations between log;, creatinine-adjusted
maternal urinary arsenic level and logit transformed DNA
methylation (also noted as M values) were conducted via
robust regressions. Covariates included in robust regres-
sions were child’s sex, batch of DNA methylation analyses,

Table 2 Characteristics of mothers and their newborns by
newborn sex in Taiwan during 2000-2001 (n = 64)

Sex of the infant

Characteristics All Male Female p-value®
n=64" (=38 (=207

Pregnant Women

Age (years) 289 £48 286+41 295+57 0492

Pre-pregnant BMI 205+26 202+24 210+£29 0244

(Kg/m2)

Urinary Creatinine 63.6 +417 709 +£460 530+329 0078

(mg/dL)

Maternal Education 0.303
high school +2 years  25(39) 13(34) 12(48)
2high school +4 years 39(61) 25(66) 14(52)

Newborns
Gestational Age 39+12 39+ 1.1 39+14 0.791

(weeks)

“Presented as the mean + SD or number (percentage).
Pp-value for difference between male and female newborns using t-test for
continuous variables and x* or Fishers Exact Test for categorical variable
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Table 3 Distribution of creatinine-adjusted concentrations of urinary arsenic species (iAs, MMA, and DMA) (n = 64)

Exposure variables®\Percentile® Min 5th 25th 50th 75th 95th Max

As metabolites (ug g’1 crea)

MMA 0.06 0.08 0.19 040 (1.10)° 1.67 6.14 285

DMA 0.07 3.09 1127 20.73 (14.58) 29.5 70.75 129.1
iAs 0.1 0.19 041 0.83 (0.61) 1.33 474 6.55

tAs 034 376 12.09 23.19 (16.29) 33.29 76.02 1375

2Abbreviations: iAs represents the sum of As>* and As>*; MMA: methylarsonic acid; DMA: dimethylarsinic acid; tAs: the sum of iAs, MMA, and DMA; ug g~' crea: ug

per g creatinine

bPregnant women from Maternal Infant cohort in Taiwan (n = 64). Limit of detection for As>* is 0.09 pg/L, As®* is 0.05 ug/L, for MMA it is 0.05 ug/L and for DMA it

is 0.04 pg/L

The values inside parenthesis are the average value of unadjusted arsenic expressed as pg/L

mother’s age, mother’s pre-pregnancy BMI, mother’s edu-
cation level, and estimated proportions of six blood cell-
types (Additional file 5: Table S1, related methods are in
the Methods section). Figure 2 shows the Manhattan plot
of p-values for testing on the 385,183 CpG sites, with a
dashed blue line indicating the p-value threshold corre-
sponding to FDR of p = 0.05 [31]. In total, 579 CpG sites
showed statistically significant associations at FDR of 0.05.
Additional file 6: Table S2 lists these 579 CpG sites along
with their regression coefficients, p-values, and corre-
sponding chromosomes, locations on the chromosomes,
corresponding genes, and location on the genes. About
60% of these 579 CpGs showed a positive association

between DNA methylation and in utero tAs. The majority
of the CpG sites located in the North shore regions of the
CpG Island had higher DNA methylation associated with
higher in utero tAs and about 39% of these CpG sites were
located upstream of transcription start site (TSS1500,
TSS200) or 1st Exon (Additional file 6: Table S2).

The 579 CpG sites were mapped to 437 genes
(Additional file 6: Table S2), which were further ana-
lyzed using the bioinformatics tool DAVID [32, 33]. This
analysis led to 17 significantly enriched KEGG pathways
(at FDR = 0.05) and 58 CpGs were within the genes
involved in these pathways (Additional file 7: Table S3),
including pathways connected to CVDs and diabetes [34]

Identify CpGs associated with prenatal
total arsenic exposure (Taiwan cohort,
385,183 CpGs from cord blood, 64 subjects)

579 CpGs identified after multiple testing
adjustment (FDR=0.05).

—> 252 out of 553 (~46%) CpGs showed

!

DAYVID analysis for pathways (579 CpGs
mapped to 437 genes)

17 significant KEGG pathways identified at
FDR=0.05 (connected to 58 CpGs in 56 genes).

N CpGs. High percentages of the 27 CpGs are in

Discovery |phase

N

Test the 579 CpGs in an independent
cohort, NHBCS (553 CpGs are available,
109 subjects)

regression coefficients consistent with those in
the Taiwan cohort.

\
Assess the inclusion of the S8 CpGs in the
252 CpGs

27 out of the 58 (47%) are included in the 252

these four pathways: Endocytosis (75%),
Adherens junction (75%) and axon guidance
(71%) known to be associated with CVD
and/or diabetes

Validation |phase

subjects):

Longitudinal test of CpGs with LDL, a marker for CVD and
diabetes (12 out of 58 CpGs on genes in pathways associated with
CVD and diabetes, LDL measures at ages 2, 5, 8 ,11 and 14 of 64

Five CpGs identified: cg25189764, cg8198265, cg04986899,
cg10473311 and cg04903360 located on genes FYN, BST1, XYLTI,
PTPRN2 and PARD?3 respectively (nominal p-value <=0.05)

Fig. 1 The flow of analyses performed in the study

Link the CpGs to CVD and diabetes biomarker
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Chromosome

Fig. 2 Manhattan plot for Genome-wide DNA methylation associated with creatinine adjusted urinary arsenic concentration. The horizontal
dashed blue line corresponds to the significance threshold p = 7.51E-05 (FDR Adjusted p-value <= 0.05), red color stars represent the CpG sites
corresponding to genes enriched in KEGG pathways from DAVID analysis (see Additional file 7: Table S3). Blue and golden colors are used to

differentiate the chromosomes

(e.g., Type I and Type II diabetes mellitus, focal adhesion,
calcium signaling pathway, adherens junction, and chon-
droitin sulfate biosynthesis [35]), pathways linked to
neurological and cognitive abilities (Alzheimer’s disease
and amyotrophic lateral sclerosis [ALS]), and pathways in
cancer (the 58 CpG sites involved in these pathways are
marked by red stars in Fig. 2). Among these 58 CpG sites
corresponding to the genes enriched in KEGG pathways,
most of them are located in the body region of a gene
(Fig. 3). Majority of these 58 CpGs are located in the is-
land region (~57%) or north shore (~22%). Furthermore,
in approximately 55% out of the 58 CpG sites, we found
that higher in utero tAs were linked to higher DNA
methylation in cord blood, as indicated by positive regres-
sion coefficients in Fig. 3. The strongest association

between in utero tAs and cord blood DNA methylation
occurred at CpG cg23767840, which is in the 5UTR re-
gion of gene EPN2 (coding for the Epsin-2 protein).

The resulting 579 CpG sites from our study were
further tested in the independent New Hampshire Birth
Cohort Study (NHBCS) (n = 109). Details of the NHBCS
cohort and findings of the replication study are included
in the supplemental material (Additional file 3: Material
2). Of the 579 CpG sites 553 were available for analyses
in NHBCS. We applied robust regression models with
covariates comparable to those included in our study to
assess the association of tAs with cord blood DNA
methylation at these 553 CpG sites. At 46% of the 553
CpG sites (252 CpGs), the associations of in utero tAs
with cord blood DNA methylation levels were consistent

144
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FGF3 -+
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Fig. 3 Association of arsenic exposure with the DNA methylation based on M-values of the 58 CpG sites mapped to 56 genes. The x-axis has the
56 genes enriched in KEGG pathways at FDR level of p = 0.05, while the y-axis shows the estimates of total arsenic coefficients related to 58 CpG
sites from robust regression. Adjusting factors include cell counts, child’s sex, batch effect, mother's age, mother's BMI and mother's education
level. M-values are defined as log2 [3/(1-B)]. Different colors indicate the location of the CpGs on a gene
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with those found in our study in terms of direction of
regression coefficients, although none survived multiple
testing. The 252 CpGs were mapped to 191 genes. Func-
tional annotation analysis using DAVID on 191 genes
identified following pathways (p-value < 0.05, although
not surviving multiple testing via controlling of FDR):
axon guidance, endocytosis, focal adhesion, adherens
junction and cytokine-cytokine receptor interaction.
Four of these five pathways were included in the 17
pathways identified in our cohort. In total, 12 CpGs in
these pathways were in the 58 CpGs noted above.

In addition, 27 of the 252 CpGs are in the list of 58
CpGs (27/58 = ~47%) noted earlier (Additional file 7:
Table S3). Genes corresponding to these 27 CpGs are
more often linked to pathways involved in endocytosis,
adherens junction, axon guidance (a neural developmental
process in which neurons send out axons to reach the
correct targets) and chondroitin sulfate biosynthesis. From
linear mixed models, we found that in utero arsenic ex-
posure was significantly associated with LDL (coeff = 0.17,
p-value =0.04), after adjusting for the effects of covariates
time, gender and birth weight. Given this observation and
the connection of arsenic exposure with CVDs and dia-
betes noted in the literature [7, 8, 36, 37], findings from
the pathway analyses, and findings in the replication study,
we further investigated the CpG sites of the genes
enriched in KEGG pathways that are potentially linked to
cardiovascular diseases and diabetes in our Taiwan cohort.
In particular, 11 CpGs (located on 10 genes, Additional
file 6: Table S2) were included in this analysis and these 11
CpGs were among the 27 CpGs replicated in the NHBCS
cohort. We assessed the association of cord blood DNA
methylation at these CpGs with a biomarker of CVDs and
diabetes, plasma low density lipoprotein (LDL). LDL was
measured at multiple ages of the children (at 2, 5, 8, 11,
and 14 years). Plasma LDL concentration is the most
stable in humans, with or without fasting, among blood
lipids such as triglycerides. Among the 11 CpGs, cord
blood DNA methylation at some CpGs showed a pattern
of positive correlations with LDL at each age. While some
were negatively correlated with LDL at age 2 and posi-
tively correlated at later ages (Fig. 4), for most CpGs, the
strongest correlations (positive or negative) occurred at
age 2. In particular, the heatmap (Fig. 4) indicated that
DNA methylation levels at two CpGs, cg06419180 and
€g25189764, were positively correlated with the LDL at
different ages, while the directions of correlations at the
rest of the CpG sites seemed to change over time. Via lin-
ear mixed models, we tested the association of LDL with
DNA methylation (with LDL at ages 2, 5, 8, 11 and 14 as
the outcome, cell type compositions and batch-effect
adjusted DNA methylation as the predictor, and child’s
age, sex of the child, and birth weight as covariates) as
well as the interaction effect between DNA methylation
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Fig. 4 Heatmap of the correlations between cord blood DNA
methylation and LDL across different ages (2, 5, 8, 11, 14 years)

and age. We found that CpG ¢g25189764 had a statistically
significant association with LDL (coefficient = 0.157,
p-value = 0.047). DNA methylation at another 4 CpG
sites showed statistically significant interaction with time
(Table 4). After adding BMI Z-Score into the model, the
main effect of cg25189764 was no longer statistically
significant. However, the statistical significance of the
interaction effects with time for the other four CpG
sites was kept, and the estimates of the coefficients
and p-values were minutely affected.

It is worth noting that DNA methylation at these 5
CpG sites was likely to be stable across the life course,
based on findings in the Accessible Resource for Inte-
grated Epigenomic Studies (ARIES) explorer[38]. The
stability was evaluated via median and variances of
DNAm over time using Gene view in ARIES explorer
(http://www.ariesepigenomics.org.uk/ariesexplorer).

Discussion

In utero arsenic exposure has been known to be associ-
ated with long term adverse health outcomes. Arsenic
is also known to modify DNA methylation by inducing
either global hypo-methylation [39, 40] or hyper-
methylation [41]. The epigenetic marking acquired at
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Table 4 Coefficients of the covariates included in linear mixed model for the five significant CpG sites

Estimated Coefficients; p-value

Variable 925189764 €g08198265 €g04986899 cg10473311 €g04903360

CpG 0.16; 0.04 0.498; 0.02 -0362; 003 0.0145;0.12 -0.189;0.18
Age 0.017; <0.001 0.020; <0.001 0.015; <0.001 0.017; <0.001 0.016; <0.001
CpG*Age - ~0.063; 0.00 0.030; 0.02 -0021; 003 0.026; 003
Gender 0.022; 062 0.038; 040 0.037; 042 0.045; 0.35 0.021; 067

Birth Weight 542 x 1075093 438x107% 095 0.000044; 0.57 226 x 10°% 097 201 x 1075 098

earlier age has been known to be associated with pheno-
typic consequences later in life [42, 43]. This adverse health
outcome can be due to the epigenetic modification caused
by the in utero arsenic exposure. Thus the overall aim of
this study was to identify CpG sites from cord blood that
would represent biomarkers of possible adverse effects of in
utero arsenic exposure in newborns and of future health
outcomes. In total, at 579 CpGs identified from a cohort in
Taiwan DNA methylation was associated with in utero ar-
senic exposure. To further understand the biological mech-
anisms of genes linked to these 579 CpG sites, a gene
annotation analysis using DAVID was performed, which led
to an identification of 17 statistically significant KEGG
pathways. Genes corresponding to the identified CpGs are
known to be involved in arsenic-associated diseases includ-
ing neuronal [44—46], immune [47], cancer [48], cardiovas-
cular and diabetes [8, 36, 37]. Experimental models have
demonstrated a role of in utero acquired somatic epi-
genetic alternations in diseases [49-51]. Given the
regulatory functionality of DNA methylation on differ-
ent genes, the identified CpG sites may serve as epigen-
etic biomarkers of potential harmful effects of in-utero
arsenic exposure among newborns.

Findings at 46% of the identified 579 CpG sites were
replicated in an independent cohort, the NHBCS, with
respect to directions of associations, though these did
not survive multiple testing adjustments. However, the
median tAs (without creatinine adjustment) in NHBCS
was 2.8 pug/L with interquartile range (IQR) of 3.64 pg/L,
which is substantially lower than that in the Taiwanese
cohort (median = 11.51 pg/L and IQR = 16.80 pg/L).
This difference, small sample sizes from both studies, dif-
ferences in ancestry and unmeasured confounding may
explain the limited agreement in the findings between the
two cohorts.

The post hoc analysis on CpG sites replicated in the
NHBCS cohort and related to genes enriched in KEGG
pathways for cardiovascular disease and diabetes led to the
identification of five CpG sites ¢g25189764, cg08198265,
€g04986899, cg10473311 and cg04903360 located on genes
FYN, BST1, XYLT1, PTPRN2 and PARDS3, respectively.
FYN is an important regulator of whole body metabolism
and is known to be associated with insulin sensitivity in
mice [52]. BST-1 is a glycosyl-phosphatidylinositol (GPI)

and is expressed in abundant in pancreatic islet cells [53].
Proteins containing a GPI anchor play key roles in a wide
variety of biological processes [54]. XYLTI is involved in
heparan sulfate (a type of glycosaminoglycan; GAG) biosyn-
thesis [55, 56]. GAGs have been studied for their role as a
potential target in treating CVDs [57, 58]. Protein encoded
by PTPRN2 (also known as IAR) is a known autoantigen in
insulin-dependent diabetes mellitus [59]. PARD3 has been
identified as candidate gene for its association with type 2
diabetes in Mexican study [60]. Out of these five CpGs,
¢g25189764 is located in the 5'UTR of gene FYN, and the
other four CpGs were located in the body of the genes. We
observed that most CpG sites on genes enriched in KEGG
pathways were located in the body region of a gene (Fig. 3).
The regulatory functionality of DNA methylation on genes
at those Cp@ sites is likely to be different from the func-
tionality at CpG sites in the promoter region [61, 62].
Methylation in immediate vicinity of transcription start site
(TSS; part of the promoter region) is known to block the
transcription of gene, while methylation in the body region
of gene might stimulate or act as markers of transcription
[63, 64]. Further assessment on their associations with gene
expressions will improve our understanding of their regula-
tory functionality.

The temporal stability in DNA methylation at the
five CpG sites (cg25189764, cg08198265, cg04986899,
¢gl0473311 and cg04903360) showing associations with
LDL across different ages raised a possibility of long term
consequences of DNA methylation, established in utero,
on LDL at later life. More interestingly, for the four CpGs
(cg08198265, cg04986899, cg10473311 and cg04903360),
the DNA methylation effects were likely to change with
age. Specifically, for cg08198265 and cgl0473311, the ef-
fect of DNA methylation was positive before age 8 years,
but negative after age 8 (this was obtained by plugging in
age in years into the inferred models given in Table 4),
and for ¢g04986899 and cg04903360, the association
changed from negative to positive at ages 14 years and
8 years, respectively. Our analyses did not show that BMI
Z-score is a potential confounder for the interaction effect
of DNA methylation with time on LDL. Of interest,
ages 11 and 14 are during adolescence, a period of sig-
nificant changes, e.g., puberty, rapid growth, and often
BMI increase.
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A previous study in utero arsenic exposure in the
NHBCS was reported by Koestler et al. [16]. The top
100 CpGs identified in Koestler et al. did not overlap
with the 579 CpGs, although 25% of their 100 CpGs
showed statistical significance at the 0.05 level in our
study (not surviving multiple testing). The disagreement
could have been driven by some key differences in the
analytical methods. Koestler et al. categorized arsenic
exposure levels into quartiles and applied analysis of
covariance with tests for trends, while our study applied
robust regressions to logl0-transformed arsenic concen-
trations to take into account possible outliers. By cat-
egorizing a continuous variable, statistical testing power
for testing the associations might have been reduced. In
addition, Koestler et al. did not adjust for maternal BMI,
nor the cell type proportions estimated using the minfi
R package [20, 21], though they did explore associations
between urinary arsenic and estimated cell-type propor-
tions in cord blood.

We also compared the findings from our study with
another epigenome-wide study by Broberg et al. [18].
The focus of that study also concentrated on the top
CpG sites ranked by statistical significance on their asso-
ciation with in utero arsenic exposure, although none of
the top CpG sites survived multiple testing corrections.
The top CpG sites determined by Broberg et al. did not
overlap with those identified in our study, nor over-
lapped with the top CpGs in Koestler et al. [16]. Broberg
et al. [18] utilized linear regression and did not adjust
for cell type heterogeneity. In addition, some top CpG
sites discussed in Broberg et al. included annotated
probe-SNPs (single nucleotide polymorphisms) located
within 10 base-pairs of the target CpG. They can result
in biased methylation measurements, and were excluded
from our analysis. The study by Rojas et al. [17] identified
4771 CpG sites significantly associated with maternal
urinary total arsenic. Among the 579 CpGs identified in
our study from the cohort in Taiwan, 15 CpGs were
present in the list of 4771 CpG sites. In addition, at these
15 CpGs, directions of associations (i.e., direction of coef-
ficients) are consistent with those in Rojas et al. findings
(see Additional file 8: Table S4).

It is worth noting that the four studies we discussed
herein (Koestler et al. [16], Broberg et al. [18], Rojas et al.
[17], and ours) were conducted in different regions (United
States, Bangladesh, Mexico, and Taiwan, respectively) with
vastly different medians in utero arsenic exposures which
may have limited replicability (for tAs, in Koestler et al.,
median = 4.1 pg/L, in Broberg et al., median = 66 pg/L, in
Rojas et al., median = 23.3 pg/L [65], and in our study, me-
dian = 11.51 pg/L (without creatinine adjustment)). It is
also possible that ancestry, race/ethnicity or other regional
differences may have contributed to the disagreement in
the findings. In addition, all studies had small sample sizes
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(less than 200), so some of the findings are also likely to be
false-positives. A large-scale study incorporating different
races/ethnicities, with a wide exposure range, is well
deserved. Our study had a benefit of replicating results
using standard statistical approaches. Nonetheless, rep-
licating DNA methylation analyses in additional popu-
lations, harmonizing, and comparing different DNA
methylation studies on in utero arsenic exposure will
help to assess the generalizability of the results. Future
studies also should be directed at examining whether
arsenic-related health outcomes are associated with
cord blood DNA methylation in a long-term follow-up
of the children in multiple cohorts.

Conclusion

We found that in utero arsenic exposure was associated
with cord blood DNA methylation. The genes corre-
sponding to the identified CpG sites were involved in
various pathways including signaling pathways, Type I
and Type II diabetes mellitus, and neuroactive ligand-
receptor interactions. Cord blood DNA methylation at
¢g25189764, cg08198265, cg04986899, cgl0473311 and
¢g04903360 were associated with low-density lipoprotein
(LDL) at later life. These CpGs need to be studied fur-
ther for their role in cardiovascular disease and diabetes
in arsenic-exposed populations. Although larger studies
are needed, results from this study contributes to a bet-
ter understanding of epigenetic mechanism of diseases
related to in utero arsenic exposure in infants.
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