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Abstract

Exposure to arsenic (As) has been associated with cancers, CVD, and neurological disorder. To

explore the possible underlying epigenetic mechanisms, a genome-wide study was conducted in

low exposed healthy individuals. This study was nested within a prospective study of Coronary

Artery Risk Development in Young Adults (CARDIA) by randomly selecting 46 non-smoker and

non-diabetic White participants with low (N=23) and high (N=23) As exposure. based on toenail

total As measures at examination year 2. We conducted methylomic profiling of white blood cell

DNA collected at examination year 15 using the Illumina HumanMethylation450 BeadChip.

Multivariate linear regression models were fitted to evaluate the associations between As exposure

status and DNA methylation levels at each CpG site. We identified 29 CpG sites with methylation

levels associated with As exposure status at a nominal p-value less than 0.0001. Some genes are
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known to be involved in cancers, CVD, and neurological disorder. Pathway analyses further

revealed several canonical pathways relevant to the etiology of As-associated diseases. We

demonstrated that As exposure is prospectively associated with DNA methylation levels in a

number of genes implicated in As-associated diseases. Further studies are required for elucidating

the role of epigenetic alterations in the pathogenesis of these diseases.

Keywords

arsenic exposure; methylomic profiling; prospective association

INTRODUCTION

Arsenic (As) is a naturally occurring ubiquitous element found in foods and the

environment, such as water, soil, and air. Chronic As exposure is a worldwide health

problem. [1] It was classified as a Group 1 carcinogen in 1987 by the International Agency

for Research on Cancer (IARC). [2] Accumulative experimental data and epidemiological

evidence indicate that As exposure is associated with various cancers [3] such as lung,

bladder, kidney, liver and skin cancers, [4–6] and other chronic diseases such as

cardiovascular disease (CVD) [7–9] and neurological disorders. [10, 11]

The mechanisms linking As with disease still remain largely unknown. Recent evidence

suggests that environmental chemicals may cause diseases via epigenetic mechanisms that

regulate gene expression without changing DNA sequencing, such as DNA methylation (i.e.,

cytosine modification at CpG dinucleotides), the most well-studied epigenetic mechanism in

the etiology of disease. [12, 13] Although most studies have been conducted using tissue

samples, [14, 15] evidence for As exposure and DNA methylation in blood DNA has also

begun to accumulate. [16–19] A global dose-dependent hypermethylation of blood DNA

was observed in a Bangladeshi population with chronic As exposure to contaminated

drinking water. [16] In a cross-sectional study of Indian individuals, As levels in

contaminated water was also associated with global DNA hypermethylation in blood

mononuclear cells. [17] Chanda et al. observed blood DNA hypermethylation in the

promoter of p53 and p16 in As-exposed Indian individuals. [18] Consistently, in a Chinese

population, increased DNA methylation in the p16 promoter was observed in arseniasis

patients compared with people without a history of As exposure. [20] However, these

previous studies have been limited to the evaluation of global methylation markers or

methylation alterations in a small group of genes. A recent genome-wide DNA methylation

analysis reported that 183 genes were epigenetically-modified in blood DNA in 16 female

Mexicans aged 12–59 years, with half showing signs of arsenicosis. [19] To date, there has

been no prospective genome-wide study in a U.S. population to evaluate the effect of As

exposure on DNA methylation alterations.

In this study, we performed a prospective genome-wide examination to evaluate whether

exposure to As induces DNA methylation alterations in 46 apparently young, middle-aged

healthy non-smoker, non-diabetic, White individuals derived from the Coronary Artery Risk

Development in Young Adults (CARDIA) study, a large prospective study of young adults.
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MATERIAL AND METHODS

Study population

CARDIA is a multi-center perspective study of risk factors for coronary artery disease

(CAD) development in young adults free from CVD (N=5,115) and aged 18–30 years at

baseline (1985–6). Participants have undergone eight examinations to date, including a

baseline examination at year (Y) 0 and follow-up examinations at Y2, 5, 7, 10, 15, 20, and

25, with a 72% examination rate at Y20 (2005–6). A detailed description of the study

design, sampling, and response rates was previously published. [21] Institutional Review

Boards at each study site reviewed the protocol and procedures, and approved the research.

All participants provided written informed consent. The present study included 46 White

participants who had available data for Y2 toenail total As level and blood DNA at Y15.

Arsenic Exposure Measurement in CARDIA and Study Subject Selection

At examination at Y2, CARDIA participants were mailed the instructions and materials for

collecting toenail samples. Toenail clippings were collected and As level was measured in

4,362 CARDIA participants by Neutron Activation Analysis (NAA) [22] at the University

of Missouri Research Reactor. 46 White non-smoker, non-diabetic healthy age- and sex-

matched study subjects (23 high- and 23 low- exposed) for the present study were randomly

selected from the highest and lowest quartile exposure groups based on the cutoff-points of

<0.0649 (Q1: low As exposure) and ≥0.1442 (Q4: high As exposure).

Genome-wide examination of DNA methylation alterations

We performed genome-wide DNA methylation examination in 46 white blood cell (WBC)

DNA samples that passed the DNA quality test for our assay using the Illumina Infinium

Human Methylation450 BeadChip, which targets ~486,000 CpG sites. A 500ng DNA

sample from each selected CARDIA participant was used to perform bisulfite conversion

followed by Illumina’s protocol for methylation profiling. BeadChips were scanned with an

Illumina iScan and then analyzed using the Illumina GenomeStudio software. All

experiments were conducted following the manufacturer’s protocols in the Genomic Core

Facility of the Center for Genetic Medicine at Northwestern University. For the purpose of

quality control (QC), in addition to Illumina’s build-in QC, we included commercially

available known unmethylated (normal B-lymphocytes (NA10923 from Coriell Institute),

Camden, NJ) and methylated (colon cancer cells (ATCC: HTB-38), Manassas, VA) control

samples in each run, as previously described. [23]

Bioinformatic and statistical analysis

We dropped three samples that were considered to be obvious outliers based on the principle

component analysis (PCA) plot (Figure S1) generated from Partek Genomics Suite (Partek

GS) (http://www.partek.com/partekgs), and focused on the remaining 43 samples for the

statistical analyses. We excluded the CpG probes that are ambiguously mapped to the

human genome (hg19). A total of 340,658 probes passed the analysis using Bowtie. [24] To

avoid potential bias due to genetic polymorphisms, we also filtered 5,804 CpG probes with

the presence of common single nucleotide polymorphisms (SNPs) (i.e., minor allele
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frequency (MAF) ≥ 0.01) within the range of 20 base pairs of the CpG sites based on the

HapMap European origin populations (CEU: Caucasian residents from Utah, USA) in the

dbSNP database (v135). To reduce the effects of differential methylation between males and

females on the sex chromosomes, 7,953 CpG sites on chromosome X and Y were excluded.

Finally, a total of 326,901CpG sites on autosomes were tested with regards to As exposure

(Figure 1). Note that all of the 43 samples had more than 90% CpG sites with detection p-

values of less than 10E-05, and none of the 326,901 CpG sites had more than 10% of

samples with detection p-values greater than 10E-05.

We then tested the associations between As exposure and DNA methylation at each CpG

site. Methylation values of the filtered CpG sites were first transformed into M-values as

described previously, [23] and then quantile-normalized. A generalized linear regression

model was fitted with adjustment for age and gender, two known factors that influence DNA

methylation patterns. [25–27] Moderated t-statistics were computed by empirical Bayes

shrinkage of the standard errors. [28] The same procedure was conducted across all tested

CpG sites. We then annotated the significant As-associated CpG sites to the corresponding

genes based on an Illumina-designed document (http://www.illumina.com/). For the

identified differentially methylated genes, we searched for their functions and related

disease involvements in the Ingenuity Knowledge Base (http://www.ingenuity.com/

products/ pathways_ analysis.html). Heat maps were plotted to visualize the different

methylation levels across As exposure status using hierarchical clustering.

Pathway analyses were conducted using GSA-SNP software. [29] Specifically, for each

gene, we assigned the 2nd minimum p-value from the association tests for the contained

CpG sites to reduce the influence of a few highly significant findings possibly occurring by

chance in the genome-wide study, and then performed enrichment analyses using three

major canonical pathway (CP) databases (KEGG, BIOCARTA, and REACTOME) enclosed

within the Molecular Signatures Database (MSigDB) (http://www.broadinstitute.org/gsea/

msigdb/index.jsp). Gene sets with a Benjamini and Hochberg False Discovery Rate (FDR)

[30] less than 10E-06 were reported. All of the analyses were carried out using R package

and SAS software (version9.3; SAS Institute, Inc., Cary, North Carolina).

RESULTS

Table 1 shows the characteristics of the study subjects with low (N=21) and high (N=22) As

exposure status. The As high-exposure group consisted of more alcohol drinkers (81.8%)

than the low-exposure group (57.1%) (p=0.10). There was no significant difference in age,

education, marriage status or body mass index (BMI) between the two groups.

We identified 29 CpG sites with methylation levels associated with As exposure status at a

nominal p-value less than 0.0001. The percentage difference of mean methylation levels

between the As high and low exposure groups ranged from 1% to 31% (Table 2). An

overview of the sample relations based on a heatmap of these top CpG sites shows distinct

DNA methylation patterns between subjects with high and low As exposure (Figure 2), with

over half of the top CpG sites showing elevated methylation levels in high As exposure

groups compared to low exposure groups. Genes annotated by these 29 top hits are involved
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in three major classes of diseases, including cancers

(HAPLN1BSGFANCGCXCR5AKAP8LADARB2EVLORAOV1SKI), neurological disorders

(SREBF2NR1H2MS4A4AEGLN1FAAHMAG), and cardiovascular diseases

(HAPLN1LMF1ADARB2, SREBF2).

Table 3 lists the significant As exposure-associated canonical pathways (i.e., Benjamini and

Hochberg FDR <10E-06). The gene-set based analysis identified As exposure-associated

pathways that are involved in neurological disease (i.e., formation of neuronal network and

nerve growth factor signaling), cancer (i.e., Wnt signaling pathway), both cancer and

neurological disease (i.e., focal adhesion and cell adhesion molecules), and CVD (i.e., viral

myocarditis), which are consistent with findings from the CpG site-based analysis listed in

Table 2. Detailed information on these significant canonical pathways is provided in Table

S1.

DISCUSSION

This is the first prospective genome-wide methylomic study linking DNA methylation

markers with As exposure status assessed in toenails collected 13 years ago. We found that

As-exposure is prospectively associated with DNA methylation levels in a number of genes

and canonical pathways known to be involved in As-associated diseases. These findings,

once confirmed by a large independent human sample, should stimulate future investigations

to better understand the underlying molecular mechanisms of how As exposure may

contribute to the pathogenesis of As-associated diseases via DNA methylation changes.

As exposure has repeatedly been associated with a variety of common diseases, including

lung, bladder, kidney, liver and skin cancers, [4–6] CVD, [7–9] and neurological disease.

[10, 11] The genes that we identified to be associated with As exposure also have been

previously implicated in such diseases. For example, CXCR5, a G protein-coupled seven

transmembrane receptor for chemokine C-X-C motif chemokine 13, [31] has been

demonstrated to be involved in tumor cell adhesion and migration. [32] SREBF2 encodes a

ubiquitously expressed transcription factor that controls cellular cholesterol metabolism.

[33] In human atherosclerotic tissues, Fan et al. observed a significant down-regulation of

SREBF2 in atherosclerotic carotid plaques, suggesting that it might be implicated in the

progression of atherosclerosis. Recently, Guo et al. identified SREBF2 to be associated with

BMI, an established risk factor for CVD and cancers. [34] In addition, the significant

association between SREBF2 gene polymorphism and schizophrenia indicates that SREBF2-

controlled cholesterol biosynthesis is one of the etiological mechanisms for the development

of this psychiatry disorder. [35] As such, varied As-associated DNA methylation levels in

SREBF2 might be one of the potential molecular mechanisms shared by several common

diseases.

The exact mechanisms via which As may cause methylomic changes are largely unknown.

Oxidative stress has been proposed as a link between As exposure and chronic disease. This

cellular process has also been shown to induce altered DNA methylation patterns. A recent

study demonstrated that reactive oxygen species (ROS) production can alter the expression

of genes belonging to DNA methylation machinery. [36] In addition, inorganic As is
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enzymatically methylated for detoxification using S-adenosyl methionine (SAM) in the

process. [37] Therefore, SAM insufficiency might be another possible mechanism

underlying As-induced DNA methylation, given that both As metabolism and DNA

methylation need SAM as the methyl donor. Furthermore, As exposure often occurs in

relatively resource-poor populations with low dietary intake of methionine, an essential

amino acid required for SAM synthesis. [38] In addition, As has also been shown to

decrease DNA methyltransferase (DNMT) gene expression [14] and enzyme activities. [3]

All of these As-induced cellular processes may independently or cooperatively interact with

each other to contribute to related DNA methylation changes. Different genes may behave

differently with respect to As exposure-associated diseases, and As may cause hypo- or

hyper-methylation in each individual gene depending on the role of the gene in cancer and

other disease development.

Nevertheless, our findings should be interpreted with caution because of our small sample

size and multiple testing issues. With a total of 43 study subjects, none of the top 29 CpG

sites remained statistically significant after correction for multiple testing. However, the

conclusion that the development of multiple diseases might be influenced by exposure to

high As levels in general is less likely to be biased, because, first, at least four genes were

indicated to be associated with cancers, CVD, or neurological disorders based on the site-

based analyses (Table 2); and second, these inferences were strengthened by substantially

significant findings from the pathway-based analyses (Table 3). Taken together, the DNA

methylation alterations that we observed in this study may play a role in As-related diseases.

Overall, we demonstrated that As exposure is prospectively associated with DNA

methylation levels in a number of genes and canonical pathways that have been implicated

in As-associated diseases. Further studies in larger human samples and aiming at

determining the impact of these methylation changes on gene expression are required for

elucidating the role of these epigenetic changes in the pathogenesis of As-associated

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Filter process of Illumina 450k Infinium Methylation BeadChip
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Figure 2. Heat map of 29 top CpG sites with methylation levels associated with As exposure
Note. DNA methylation heatmap of methylated genes (nominal p<0.0001) in WBC DNA

from As highly exposed subjects compared with that from low exposed subjects. Each row

represents a CpG site with columns corresponding to each sample. Higher methylation

levels are shaded in red and lower levels are in green. The dendrogram shows the results of

unsupervised hierarchical clustering of 43 samples based on 29 CpG sites, which separates
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As highly exposed subjects (labeled as H at the bottom) from As low exposed subjects

(labeled as L).
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Table 1

Characteristics of 43 Study Subjects in CARDIA by Arsenic Exposure Status

Variables As high-exposed
(N=22)

As low-exposed
(N=21)

P-
valuea

Male, n (%) 12 (54.5) 10 (47.6) 0.76

Age [years], mean (SD) 26.0±2.6 27.0±2.1 0.19

Education [years], mean (SD) 15.6±2.2 16.5±2.1 0.21

Married, n (%) 8 (36.4) 11 (52.4) 0.36

Alcohol drinker, n (%) 18 (81.8) 12 (57.1) 0.10

Body mass index [kg/m2], mean (SD) 23.9±3.4 23.3±3.7 0.57

a
p-values were calculated using Student's t-test and Fisher's exact test for continuous and categorical variables, respectively.
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Table 3

Pathway Analyses of the Associations between As Exposure and Genome-wide CpG Methylation Levelsa

Gene Setb Brief Description p-value
Corrected
p-valuec

KEGG_FOCAL_ADHESION Focal adhesion at the cell-extracellular matrix contact
points

1.92E-11 3.45E-09

KEGG_WNT_SIGNALING_PATHWAY Wnt signaling pathway 4.75E-09 4.25E-07

KEGG_AXON_GUIDANCE A key stage in the formation of neuronal network 5.87E-09 4.25E-07

KEGG_REGULATION_OF_ACTIN_CYTOSKELETON Cell motility: regulation of actin cytoskeleton 2.10E-07 9.41E-06

KEGG_VIRAL_MYOCARDITIS Cardiovascular disease: Viral Myocarditis 2.37E-07 9.41E-06

KEGG_CELL_ADHESION_MOLECULES_CAMS Signaling molecules and interaction: cell adhesion
molecules

2.65E-07 9,41E-06

REACTOME_SIGNALLING_BY_NGF Signal transduction: nerve growth factor (NGF)
signaling

2.64E-11 1.61E-08

REACTOME_TRANSMISSION_ACROSS_CHEMICAL_
SYNAPSES

Neuronal system (Transmission across Chemical
Synapses)

5.95E-10 1.82E-07

a
Output from GSA-SNP (http://gsa.muldas.org/).

b
Gene sets and contained genes are detailed in Table S1.

c
Benjamini and Hochberg False Discovery Rate.
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