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Abstract

Aims—In this paper, we tested the hypothesis that early life lead (Pb) exposure associated DNA 

methylation (5mC) changes are dependent on the sex of the child and can serve as biomarkers for 

Pb exposure.

Methods—In this pilot study, we measured the 5mC profiles of DNA extracted from dried blood 

spots (DBS) in a cohort of 43 children (25 males and 18 females; ages from 3 months to 5 years) 

from Detroit.

Result & Discussion—We found that the effect of Pb-exposure on the 5-mC profiles can be 

separated into three subtypes: affected methylation loci which are conserved irrespective of the 

sex of the child (conserved); affected methylation loci unique to males (male-specific); and 

affected methylation loci unique to females (female-specific).
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Lead (Pb) is an environmental pollutant which has been shown to have acute and chronic 

effects on human health. The most common routes of exposure to Pb include inhalation of 

air contaminated by Pb dust, ingestion of contaminated food and direct contact with Pb-

tainted soil [1,2]. Pb can directly bind to sulfhydryl-containing compounds like glutathione, 

and effectively inactivate them thereby reducing its availability as an antioxidant [3]. Pb can 

also inhibit the enzyme ALAD which results in an increase in the concentration of delta-

aminolevulinic acid (ALA) in blood. ALA is a highly unstable compound and its consequent 

degradation leads to formation of reactive oxygen species (ROS) [4]. Generation of ROS 

can cause extensive DNA damage and persistent epigenetic changes, which might cause 

developmental reprogramming and increased susceptibility to adult diseases [5].

Early life exposure to Pb alters underlying mechanisms responsible for biological processes 

regulating neuronal plasticity, sexual maturity and immune functions [6–8]. This may 

contribute to developmental defects such as low intelligence quotient (IQ) test scores, 

cognitive impairment, increased likelihood of childhood delinquency and compromised 

ability to combat infections. Physiological studies conducted on Pb toxicity in rats have 

shown conclusively that chronic exposure to low levels of Pb causes a lower density of 

dendritic spines and synapses and an inhibition of long-term potentiation (a model for 

learning) in the visual cortex and hippocampus [6]. Studies conducted in our laboratory on 

Drosophila have shown that exposure to Pb at levels comparable to human exposure levels 

alters the number of synapses in the neuromuscular junction which leads to impaired 

locomotor activity [9].

Previous studies in rats have reported that developmental exposure to Pb causes significant 

changes in the hippocampal transcriptome; however, these changes were not independent of 

confounding factors like sex, exposure conditions and genetic background [10]. Studies 

conducted with children exposed to ≤10 μg/dl of Pb from the environment, showed that 

blood Pb levels in boys were greater than that of girls and was exacerbated by a 

polymorphism in the gene encoding ALAD or PEPT2 [11].

It is not known how early life exposures to heavy metals can cause neurological disorders 

that manifest decades later. One of the potential mechanisms is the alteration of the DNA 

methylation profile of the genome. DNA methylation, or the addition of a methyl (−CH3) 

group to the 5′ position of a cytosine, is assisted by a group of enzymes called DNA 

methyltransferases (DNMTs). DNA methylation is a stable epigenetic modification that is 

involved in the regulation of transcription [12–14]. An increase in the cytosine methylation 

in the promoter regions of many genes prevents the binding of some transcription factors 

and promotes recruitment of methyl binding proteins such as MECP2 which, together, 

contribute to the epigenetic silencing of the gene [15–17]. Conversely, increases in DNA 

methylation in the gene body are correlated with increased transcription of many genes [18]. 

We have shown that gene body DNA methylation is correlated with alternative mRNA 
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splicing in the bee brain [19]. DNA methylation mediated transcriptional silencing 

mechanisms have also been associated with suppression of transposition activity of diverse 

transposons [20].

Several studies have suggested that exposure to heavy metal toxicants can influence the 

DNA methylation profile. Kile and colleagues showed a positive correlation between arsenic 

(As) exposure and DNA methylation of long interspersed element-1 (LINE1) repeat 

elements in embryonic cord blood leukocytes [21]. Similarly, Wright and colleagues have 

shown a significant inverse correlation between patella bone Pb levels and DNA 

methylation of LINE1 repeat elements in UCB, suggesting that methylation might serve as a 

marker for developmental Pb exposure in the fetus [22].

Studies of global expression patterns and their correlation with DNA methylation in mouse 

models of prenatal exposure to Pb have revealed a significant association between an 

increase in DNA methylation and transcriptional repression of genes associated with the 

immune response, metal binding, metabolism and transcription [23]. While studies in the 

human cohort or mouse models have shown significant associations between global DNA 

methylation and heavy metal exposure, there are limited numbers of studies specifically 

focusing on gene specific DNA methylation changes. Koestler et al. demonstrated that in 

utero exposure to arsenic exhibited a negative association with DNA methylation levels of 

the genes encoding ESR1 and PPARGC1A [24]. Hanna and colleagues, reported increase in 

DNA methylation in the promoter region of GSTM1 on exposure to mercury (Hg) and 

decrease in DNA methylation in the promoter of the gene COL1A2 on exposure to Pb in 

whole blood of women undergoing in vitro fertilization (IVF) [25].

The cut-off of 5 μg/dl was the maximum safe limit for a blood lead level (BLL) 

recommended by the Advisory Committee on Childhood Lead Poisoning Prevention 

(ACCLPP 2012). Therefore, we hypothesize that early life exposure to Pb at concentrations 

≥5 μg/dl will cause significant gene-specific changes in DNA methylation in key metabolic 

and neuronal genes, which will be detectable in DNA extracted from dried whole blood 

spots (DBS). As male children are known to be more sensitive to Pb exposure [26,27], if the 

DNA methylation changes associated with Pb exposure are maladaptive, we expect to see 

more Pb-exposure associated DNA methylation changes in males compared with females. 

On the other hand, if the DNA methylation changes are adaptive and protective in nature, 

then females might show a greater number of Pb exposure associated changes in DNA 

methylation.

It is important to note that epigenetic responses of an individual to environmental toxicants 

can be confounded by seemingly unrelated conditions and exposures. For this study we 

identified the specific CpG sites and methylated loci which are different in the DNA for 

male and female children. Then, using statistical modeling, we segregated the genome into 

two types of regions: conserved DNA methylated loci and unique loci for male and female 

children and then tested the effect of exposure on methylation status of the annotated loci. 

Using this approach we were able to identify gender independent and gender-specific 

differentially methylated clusters (DMCs) that correlate with Pb exposure. As we 

hypothesized, mapping of the probes from the DMCs to the genome revealed several 
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interesting target genes associated with significant biological processes. Though we were 

limited to analyzing only a small sample cohort because of the high cost of the DNA 

methylation assays, results from this investigation will be useful to determine putative 

targets for future studies with PCR-based methylation assays.

Methods

Recruitment/consent procedures

Seventy-five children (3 months to 5 years of age) and their biological mothers (75) were 

enrolled into the study through routine visit at the WIC (Women Infant and Children). 

Clinics chosen for recruitment from Southwest Detroit, were selected with guidance from 

DHWP (Detroit Health and Wellness Department). Note: recruitment fliers were placed in 

each location announcing when the study personnel would be at the location to consent for 

the study. The biological mothers of the children were asked if they would like to enroll in 

the study. All of the following are exclusion criteria: mothers born before January 1, 1987; 

mothers born outside of Michigan; children 6 years of age and older; children who are not 

the biological children of the mothers; biological children who were born outside of 

Michigan; non-English speaking individuals and those who are not fluent in English.

Approximately half (38) of the children enrolled had BLL at or above the Center for Disease 

and Control blood lead level of concern (equal to or greater than 5 μg/dl). The remainder of 

the children will have lower BLLs.

A finger stick blood draw was taken from the child and mother to determine BLL by placing 

a sample of the blood in a Lead Care Analyzer. Results were reported to the mother within 

15 min of the blood draw. The child’s BLL was reported to the Michigan Department of 

Community Health within a week of the testing.

The mothers of the children were asked to complete a demographic and environmental 

questionnaire after enrollment in the study. The questionnaire will be self-administered; staff 

will be present to assist any participant as needed.

Samples & sample classification

For the study, we selected 43 dried blood spots (DBS) collected from children from Health 

Fairs ran in three Detroit communities, Rosa Parks, Chene and Kettering-Butzel, because 

they have a high prevalence (8–11%) of high BLL in children. The study only included 

mothers born after January 1, 1987 in Michigan with biological children, ages from 3 month 

to 5 years, also born in Michigan. The final sample used in this study consisted of 25 male 

children and 18 female children. Among males 15 children had BLL ≥5 μg/dl and among 

females 11 children had BLL ≥5 μg/dl. The covariate and BLL information is available in 

Supplementary Table 1 (For Supplementary Data, please see online at: 

www.futuremedicine.com/doi/full/10.2217/EPI.15.2).

Lead measurements in dried blood spots

The samples were 3-mm punch-outs of blood spots on filter paper. The samples, control 

filter paper punch-out blanks without blood, blanks without filter paper, and standards were 
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all prepared in parallel at the same time in the same way, except that five-times as much of 

the standard solutions were made to allow sufficient volume for recalibration every 20 

samples. To each container was added ultrahigh purity 0.25 ml of 70% HNO3 (0.25 ml) and 

30% H2O2 (0.05 ml). These reagents were purified in an in-house subboiling still from 

reagent grade materials. After reacting overnight, samples were diluted with 10 ml of 0.5% 

HNO3 containing 5 ppb each of Ga and Bi as internal standards. Standards (50 ml) were 

spiked with 0.1 ml of a solution of Fe, Mg, Zn and Pb, prepared from 1000 ppm single 

element ICP-MS stock solutions (Inorganic Ventures, VA, USA). The final standard 

concentrations were Fe, 200 ppb, Mg, 20 ppb, Zn 2 ppb, Pb, 1 ppb. All containers were 

exposed to vacuum (~0.03 bars) for 10 min to reduce the amount of dissolved oxygen from 

H2O2 dissociation. Even so, some oxygen bubbles were seen during analysis in the sample 

line to the ICP-MS. Filter paper fibers settled to the container bottoms and did not affect the 

ICP-MS sample introduction system. Samples were analyzed on a PerkinElmer (MA, USA) 

Elan 6100 DRC ICP-MS instrument at the Geology Department, Union College. 25Mg, 66Zn 

and 206,207,208Pb were analyzed in normal mode, and 54Fe was analyzed in DRC mode using 

NH3 reaction gas at a flow rate of 0.5 ml/min.

Extraction, shearing & denaturation of DNA

DNA was isolated from dried blood spots with Qiagen (Hilden, Germany) EZ1 Advanced® 

using the DNA Investigator® reagents and protocol card. The ‘Stains on Fabric’ 

preprocessing and Trace® (tip-dance) instrument protocol was used for isolation. The 

Quantifiler Human DNA Quantification Kit® (Applied Bio-systems, Inc., MA, USA) was 

used to determine the amount of amplifiable DNA.

Approximately 3 μg genomic DNA was diluted in 130 μl of buffer TE (10 mM Tris [pH 

8.0], and 1 mM EDTA [pH 8.0]) and sheared into ~200–600 bp fragments using 

microcavitation (Covaris, Inc, MA, USA) setting: Duty Cycle = 5%, intensity = 3, cycles/

burst = 200, time = 75 s run at 6–8°C). A 125 μl of the sheared DNA samples were mixed 

with 330 μl of buffer TE. The sheared DNA was denatured by boiling it in the Thermomixer 

at 95°C and 700 rpm for 10 min and left on ice for 10 min.

HM450K bead chip array

For this study, we measured the change in DNA methylation on environmental exposure to 

Pb in dried blood spots using the Illumina (MA, USA) Human Methylation 450K Bead chip 

array (HM450K). The HM450K assay measures DNA methylation at over ~480,000 CpG 

and non-CpG sites with single-base resolution [28,29]. The results are represented in the 

form of beta (β) values ranging from 0 to 1, and provide a quantitative measure of 

methylation for each queried CG dinucleotide methylation site (CpG site) [28]. DNA 

methylation changes at CpG sites located close to each other often exhibit common behavior 

in response to environmental stimuli. These regions show highly correlated changes in 

methylation signatures and can be defined as co-regulated regions. The co-regulated regions 

can be assigned to specified clusters and the effect of the exposure on these clusters can be 

tested using the generalized estimating equation (GEE) [30]. GEE uses a weighted 

combination of observation to measure the effect of a covariate (in our case Pb exposure) 

while conserving the correlation structure of the data [31]. Consequently, this approach is 
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much less conservative and yields a greater number of differentially methylated regions 

compared with the traditional case–control study with a single CpG site β value comparison. 

Biochemically it makes more sense to study methylation changes as clusters rather than 

single CG sites because DNA bound DNMT1 and DNMT3a, the maintenance and de novo 

DNA methyltransferases, respectively, act on multiple sites in a small region when they bind 

to DNA [32].

Detection of methylated DNA is facilitated by two different probe types (type 1 and type 2 

probes). The type 1 probes or the Infinium 1 (Inf1) probes consist of the methylated bead 

and an unmethylated bead [33]. If the probe for methylated DNA matches the target site 

there is a single base extension which results in detection which signals into the red channel. 

Similarly if an unmethylated probe binds to the DNA it signals into the green channel. The 

type 2 probes or the Infinium 2 (Inf2) queries both methylated and unmethylated DNA on a 

single bead, and the ratio of incorporation of two differently colored fluorescent nucleotides 

(signals A and B) determines the methylation signal. The results are represented in the form 

of β values, specifically, the average β value (AVG_Beta), representative of the average 

methylation level of the CpG dinucleotide, and a delta β value which signifies the difference 

in methylation levels between the control and the experimental group. The Beta or β for the 

ith interrogated CpG nucleotide is:

Equation 1

where yi,methy and yi,unmethy are the intensities measured by the ith methylated and 

unmethylated probes, respectively. Illumina recommends adding a constant offset α (by 

default, α = 100) to the denominator to regularize β value when both methylated and 

unmethylated probe intensities are low. The Beta-value statistic results in a number between 

0 and 1, or 0 and 100% [34]. The raw data were retrieved from Genome Studio methylation 

module version 1.8™ in the form of two files: a sample methylation profile and control 

probe profile. Quality control, signal correction and normalization of the data was carried 

out using the HM450K BeadChip data processing pipeline proposed by Teschendorff et al., 

in R environment (R > 2.13.0) [35]. Several studies have indicated that the Infinium 1 and 2 

probes differed in chemistry, henceforth the HM450K are two separate experiment 

combined as one. The Infinium 1 probes were shown to have a more stable signal and 

extended dynamic range compared with the Infinium 2 probes [36]. Therefore, a 3-state beta 

mixture model is utilized to assign methylation values to specific methylation states. Then 

the probability of assignment to particular state is divided in quantiles and finally a 

methylation-dependent dilation transformation is performed to preserve sample 

monotonicity [35]. Prior to analysis the beta values were corrected for batch effect using 

combat function in R and potential single nucleotide polymorphism (snp)-containing probes 

were removed from the analysis (>2.15) [37].

The HM450K array is highly reliable for locus specific methylation detection at CpG island 

associated methylation sites which are frequently associated with dynamic regulation during 

development and disease states. Bibikova et al., conclusively showed using human sample 

(lung tissue) that the HM450K array show 95 to 96% correlation which WGBS results [33]. 
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Since then several studies have explored this correlation and found this array to be highly 

consistent. Therefore, in lieu of recent evidence, we believe that HM450K array can ‘stand 

on its own’ as an independent system for differential methylation analysis. That said, to look 

at the whole genome methylation status in an unbiased way sequencing-based approaches 

are still the best methodology. When we have a much larger cohort, then we could use the 

less expensive PCR assay to validate the CpG sites that we identify in this pilot study.

Statistical analysis

For studying effects of exposure to Pb on the DNA methylation profile of UCB in male and 

female samples we used two independent statistical approaches; CpG association analysis 

[38], which analyzes DNA methylation data using a fixed effect model at single CpG site 

level and adjacent site clustering algorithm, A-clustering to detect sets of correlated CpG 

sites and then tested the clusters for multivariate response to environmental exposure to Pb 

using the generalized estimation equation approach. The aforementioned approach is 

efficiently implemented using the R-package aclust [30].

For determining the differentially methylated clusters (DMCs) we used the recommended 

Aclust parameters; Spearman correlation, for calculating the distance between adjacent sites 

(dist(i,j)= 1 corr(i,j)), average clustering type, which require that mean distance between two 

sites be at least 0.25, 1000 bp distance restriction for merging of clusters, which ensures that 

clusters located far away from each other are not merged together based on correlation. The 

clustering approach is implemented with a 999 bp merge initiation step, which clusters all 

sites wedged between two high correlated sites within 999 bp of each other together, to 

reduce the complexity of data and the analysis time for the Aclust step. Finally the data was 

analyzed using a generalized estimation equation approach and filtered for significant DMCs 

using False Discovery Rate (FDR) corrected P value cutoff = 0.05 and exposure effect size 

≥∣0.02∣. To determine the genomic locations of the probes belonging to individual DMCs, 

they were annotated using the publicly available Illumina Human Methylation 450k 

annotation data in R (> 2.15). The target genes mapping to DMCs were individually 

visualized using UCSC genomic browser. The Delta beta or the beta difference between the 

median of the beta values for each probe for low BLL samples and high BLL samples were 

mapped by the chromosomal location of the probes. If A-clustering is an effective technique 

for DMR identification we hypothesized that the change in methylation status visualized 

using UCSC genome browser will correspond to the exposure effect (i.e. increase or 

decrease in methylation) predicted by GEE in the respective regions and might serve as a 

useful tool for visualization. Gene ontology for mapped DMCs was carried out using 

hypergeometric testing implemented by the package GO stats in R (> 2.15).

A-clustering takes into consideration that adjacent CpG sites are probably co-regulated by 

Pb exposure, therefore the differential methylation calls are made based on multiple probes 

rather than a single CpG site, making it considerably more reliable compared with 

generalized linear model-based differential methylation calling algorithm such as limma 

[39]. Moreover, the presence of multiple CpG sites with altered methylation states, in 

regions such as transcription start sites (TSS), is more likely to cause altered transcription 

factor binding and affect expression. A significant problem associated with clustering based 
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approach is the possible introduction of gene-specific methylation bias due to varied number 

of probes mapping to genes. In the A-clustering based approach, the clusters of probes are 

based on the base-pair distance between adjacent probes, and beta value correlations across 

samples, but not in the context of the genomic features. Therefore, overall the number of 

probes in each cluster contributes very little to the differential methylation calls.

Results

Sex-specific differences in DNA methylation regardless of Pb exposure

To determine whether sex plays a major role in intersample variations in the DNA 

methylation profiles, we studied the association between DNA methylation of whole blood 

with the sex of the children. We restricted these analyses to the autosomes because females 

have one inactive X chromosome with increased promoter DNA methylation (i.e., the Barr 

Body [40]). We used a fixed effect model to elucidate the single-nucleotide differences in 

DNA methylation. There were 456 CpG regions which where differentially methylated 

between males and females at a FDR corrected P value cutoff of 0.05 and effect size cutoff 

of ∣0.02∣ or ∣2%∣ (Figure 1A). 365 CpG regions were hyper-methylated and 91 CpG regions 

were hypo-methylated in females compared with males (Figure 1B). GO mining based on 

overrepresentation analysis (hypergeometric testing) showed enrichment of hyper-

methylated CpG regions in genes associated with neurogenesis (GO:0022008), neuronal 

differentiation (GO: 0030182) and oxygen and reactive oxygen species metabolic process 

(GO:0072593) (Supplementary Table 2) such as glutathione peroxidase 1 (GPX1) (Table 1 

& Figure 1C), Cytochrome p450 (CYP1A1) (Table 1), Superoxide Dismutase 3 (SOD3) 

(Table 1) and Solute Carrier Family 6 (Neurotransmitter Transporter) (SLC6A4) (Table 1). 

Differences in hypermethylation in females was also noticed in nuclear encoded 

mitochondrial genes such as Glucokinase (GCK) (Table 1), Pyruvate kinase (PKLR) (Table 

1), HCLS1 Associated Protein X-1 (HAX1) (Table 1) and DnaJ-Hsp40-Homolog (DNAJA1) 

(Table 1).

Hypo-methylated CpG regions in females were associated with basic regulatory processes 

such as double-strand break repair (GO:0006302) and aerobic respiration (GO:0009060) 

(Supplementary Table 2). We hypothesize that these differences in methylation might 

underlie some of the gender specific differences in the sensitivity to Pb exposure. All of the 

analyses were controlled for the following potential confounders: BLL, age of the children, 

gestational age, age of the mother and smoking status of the mother and immediate family.

Pb exposure associated DNA methylation changes in both males & females

Our analysis revealed large locus-specific and single nucleotide differences in the 

methylation status of whole blood DNA dependent on the sex of the infant. However, there 

might be other regions in the human genome which have DNA methylation profiles that 

correlate with Pb exposure irrespective of sex. We define these clusters of methylated CpG 

sites as ‘conserved’ regions. Using the GEE model we tested the effect of Pb exposure on 

DNA methylation status on these regions. At FDR, cut-off of 0.05 and effect size ≥∣0.02∣ or 

∣2%∣ we found 75 hyper-methylated Pb-associated DMCs and 38 hypo-methylated Pb-

associated DMCs mapping to 75 unique genes as predicted by the GEE model (Figure 2A). 
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Gene ontology analysis of the genes mapping to Pb-associated DMCs (Supplementary Table 

3) showed overrepresentation of genes associated with differentiation of myeloid lineages. 

Myeloid cells are precursors to granulocytes, which are involved in the immune response. 

There was a 3 ±1% increase in DNA methylation in a cluster of 5 CpG sites located in the 

CpG Island in the promoter region of the gene encoding VAMP5 (Table 2 & Figure 3A), 

and a 2.4 ± 0.5% increase in DNA methylation in a cluster of three probes located in the 

promoter associated CpG island in CALN2 (Table 2). There is also a 9 ± 2% increase in 

DNA methylation in a cluster located in the CpG island near the transcription start site of the 

gene encoding PF4 (Table 2) and a 3.5 ± 1% increase in methylation in the CpG island near 

the transcription start site of the gene encoding LEP (Table 2). Additionally, there are 

changes in DNA methylation of nuclear encoded mitochondrial genes. For example, there is 

a 4.5 ±1% decrease in DNA methylation in the CpG Island located in the promoter region of 

the gene encoding ETFA known to be involved in catalyzing the first step of mitochondrial 

fatty acid beta oxidation (Table 2 & Figure 4A).

Sex-specific effects of Pb exposure on DNA methylation

To determine the gender specific effects of Pb exposure on the DNA methylation profile, we 

separated the samples based on the sex of the infant before A-clustering. This enabled 

genome wide identification of methylation loci unique to the sex of the infant. Then we 

classified the samples into high BLL and low BLL categories based on a cutoff of 5 μg/dl 

and tested the effect of Pb exposure on the DNA methylation status using the GEE model 

after controlling for confounding factors such as gestational age, mothers age and smoking 

status of the household. For an effect size cut-off of ∣0.02∣ or ∣2%∣, and FDR corrected P 

value ≤ 0.05, we found 94 Pb-associated hyper-methylated and 59 hypomethylated regions 

(Figure 2B). Gene ontology analysis of genes mapping to male-specific Pb-associated 

differentially-methylated regions show an enrichment of genes associated with leukocyte 

proliferation and differentiation (GO: 1902107) and calcium ion transport (GO: 0051924) 

(Supplementary Table 3). Examples of males specific genes that are differentially 

methylated by Pb are RUNX1 (Table 2 & Supplementary Figure 1A), GABARG1 (Table 2 & 

Figure 3B) and MRPS25 (Table 2 & Figure 4B).

We also see female-specific changes in DNA methylation that are associated with Pb 

exposure. At P value of ≤0.05 and exposure effect size of ≥∣0.02∣ or ∣2%∣ we found 200 

hyper-methylated and 74 hypo-methylated regions in females exposed to Pb (Figure 2C). 

We performed gene ontology analysis and found enrichment of hyper-methylated genes for 

pathways such as neuron maturation (GO:0042551) and visual learning (GO:0008542) and 

hypo-methylated genes for pathways such as regulation of type 2 immune response (GO:

0002828; Supplementary Table 4). Other interesting genes which also showed a Pb-

associated differential methylation included stress response genes such as APP (Table 2) and 

HIF3A (Table 2), Lonp1 (Table 2 & Figure 4C) and MTERFD2 (Table 2), transcriptional 

regulator genes like RUNX3 (Table 2 & Supplementary Figure 1B), genes that encode 

important regulators of signaling pathways such as MAP3K6 (Table 2) and genes that 

encode neuronal calcium sensors such as HPCAL1 (Table 2 & Figure 3C).

Sen et al. Page 9

Epigenomics. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Exposure-related adverse conditions early in the developmental environment can cause 

reprogramming of the DNA methylation profile [41]. It has been suggested that these 

changes can be detected in whole blood [24,42]. This may have potential prognostic value in 

the determination of the relationship between early life Pb exposure and the susceptibility to 

adult diseases. Use of whole blood for assessing the DNA methylation levels in the newborn 

and during early childhood poses several challenges. First, the relationship between DNA 

methylation and Pb levels can be modulated by several environmental and dietary factors 

affecting the mothers (e.g., folate deficiency, exposure to other environmental toxicants, and 

cigarette smoking) [43]. Our study was adjusted for smoking status of the immediate family, 

gestational age, mother’s age and child’s age. Second, the variance between DNA 

methylation profiles due to exposure can be the result of a shift in the population of immune 

cells in the blood [44,45]. For our study we restricted the effect size to at least ∣0.02∣ or ∣2%∣ 

because we did not want to exclude the possibility that the smaller effect size was due to the 

variation in cell population in the whole blood [30]. Houseman et al., proposed a statistical 

model for estimation of blood cell type proportion using methylation data [46]. We 

performed a similar analysis for our dataset and found that blood cell type only contributed 

to ≥1% of the total variance in methylation profile (data not shown). The DNA methylation 

changes in response to Pb can vary depending on sex of the infant. Pilsner and colleagues 

demonstrated that prenatal exposure to Pb changes global DNA methylation in umbilical 

cord blood (UCB) in a sex-specific manner [47]. Faulk and colleagues showed significant 

correlation between birth weight and DNA methylation at the Agoutiviable yellow locus 

exclusively in yellow agouti (Avy/Avy) male mouse offspring [48]. Recently it was found 

that there are a large number of gender specific differences in DNA methylation levels in the 

autosomes. For example, Liu et al. reported over 580 autosomal CpG sites which showed 

sexspecific differences in DNA methylation in the salivary DNA from healthy subjects [49]. 

Because Pb increases oxidative stress, we are especially interested in sex-dependent DNA 

methylation differences for genes involved in oxidative stress response and mitochondrial 

function. We found significant changes in DNA methylation of several genes associated 

with detoxification pathways such as GPX1 (4–5% higher promoter methylation in females) 

and CYP1A1 (5% higher methylation status around the TSS in females). Our data were in 

line with previous observation; for example, Penaloza et al., showed that the methylation 

status of the promoter region of CYP1A1 in primary cells cultured from embryos of Swiss 

Webster CWF mice strain, is sexually dimorphic in nature [50]. The cells from the female 

embryo had four CYP1A1 promoter-associated methylation sites, whereas the cells cultured 

from male embryo had three methylation sites, under normal developmental conditions. It is 

important to note, that the number of gender associated methylation differences for single 

CpG sites are modest. The sample cohort used for this study was between the ages of a few 

months to 5 years. We believe that the gender-based differences in methylation are a 

function of age and are fully established at puberty. That might explain why we observe 

only 456 CpG sites which differ as a function of gender. Evidence from our study suggest 

that exposure associated locus specific methylation pattern can be divided into three 

subtypes: affected methylation loci which are conserved irrespective of the sex of the child 

(conserved); affected methylation loci unique to males (male-specific); and affected 
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methylation loci unique to females (female-specific). Interestingly, we observed the largest 

number of unique Pb-associated DMCs for females, followed by the males and the lowest 

number of Pb-associated DMCs for conserved region. As males have been shown to be more 

susceptible to Pb exposure compared with females [51], the initial hypothesis for our cohort 

was that DNA methylation changes are maladaptive in nature. Therefore, we predicted that 

the number of Pb-associated DMCs seen for males would be greater than for females. 

Contrary to our expectations, our results show that the number of Pb-associated DMCs are 

greater for females compared with males. It is possible that these changes are mostly 

adaptive and protective rather than maladaptive, and that the female-specific changes in 

DNA methylation after Pb exposure help females to cope with excess ROS production due 

to Pb exposure. Alternatively, given the small size of our cohort for this preliminary study, 

our results could be a sample set specfic effect and can be controlled for by analyzing 

additional cohorts.

Differential methylation analysis also revealed that Pb-exposure associated changes in DNA 

methylation clusters show a bias toward hypermethylation, that is, increase in methylation 

associated with high BLL irrespective of gender. This suggest a common mechanism of 

action by which Pb-exposure cause gene specific changes in DNA methylation clusters. Pb 

exposure is mainly known to act via oxidative stress. Oxidative stress is known to inhibit α-

ketoglutarate dehydrogenase in the mitochondria and this result in the accumulation of 

Kreb’s cycle intermediate, α-ketoglutarate (α-KG) [52]. As α-KG serve as a co-factor for 

TET enzymes responsible for DNA hydroxymethylation (5 hmC) [53] (stable intermediate 

of the demethylation pathway), increase in its level might increase the activity of TET 

enzyme and cause genome wide increase in 5 hmC levels. As the standard application of the 

HM450K is unable to differentiate between 5 mC and 5 hmC modification, it is possible that 

the ‘hyper-methylated’ regions are most likely actively de-methylated regions showing Pb-

dependent increase in 5 hmC. Further experiments are required to study ratio of 5 mC/5 

hmC modification which might provide useful incites into relationship between 

environmental exposure and epigenetic regulation.

Our earlier study with the National Health and Nutrition Examination Survey (NHANES) 

cohort showed a significant negative association between BLL and body mass index (BMI) 

[54]. We saw an increase in methylation around TSS of LEP in sex-independent regions. 

Leptin is a protein secreted by white adipose tissues which is implicated in the maintenance 

of body mass [55]. Studies have shown that increases in DNA methylation in the Leptin 

promoter is accompanied by recruitment of MBP2 leading to decreased recruitment of RNA 

polymerase 2 and decreased transcription in adipose tissue of obese mice [56]. This suggests 

a possible implication of Pb exposure on obesity-associated outcomes. Obesity and other 

metabolic diseases are closely associated with regulation of the immune system. Several 

studies have reported significant correlation between Pb exposure and modulation of 

immune response. For example, Kile et al., reported that prenatal exposure to Arsenic cause 

a shift in immune cell population specifically T-cell population in the cord blood sample 

[57]. We saw a male-specific decrease in methylation in a CpG island located near the distal 

transcription start site of a gene encoding an important hematopoiesis controlling 

transcription factor RUNX1 (Table 2 & Supplementary Figure 1A). Webber et al. showed 
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that the hypomethylation of the distal promoter of RUNX1 is associated with a shift from 

primitive to definitive hematopoisis and is further promoted by HOXB4 overexpression 

[58]. We saw a Pb-dependent increase in DNA methylation for another member of Runt 

domain associated transcription factor, RUNX3 (Table 2 & Supplementary Figure 1B) only 

in females. RUNX3 deficiency is shown to be associated with myeloproliferative disorder in 

mouse [59]. Wolff et al. reported that the DNA methylation of RUNX3 increases with age 

and the process is further accelerated by smoking [60]. In combination with previous data, 

our data suggest that epigenetic regulation of genes associated with controlling 

hematopoiesis (e.g., RUNX1 and RUNX3) can play a role in mediating the effect of Pb 

exposure on immune response in a sex-specific fashion.

The ‘normal’ epigenetic profile of the genome is usually established and stabilized during 

early developmental years. Exposure to environmental pollutants during this period might 

lead to permanent maladaptive or adaptive changes in the common progenitor cells. These 

changes might be detectable across multiple easy-to-collect biospecimens such as DBS. 

Therefore, it has been suggested that whole blood might serve a viable surrogate to study 

exposure associated changes in neuronal genes especially in cases of maternal or childhood 

exposure. We looked at the DNA methylation profiles of genes with known neuronal 

function in our dataset. We saw an approximately 8% decrease in DNA methylation in a 

cluster of 5 CpG sites in the promoter region of a single neuronal signaling associated gene, 

GABRG1, only in males after Pb exposure (Table 2 & Figure 3B). In females, we saw a Pb-

associated increase in methylation of several genes related to biological processes such as 

neuronal maturation (GO:0042551), visual learning (GO:0008542) and regulation of 

neurotransmitter levels (GO:0001505). We believe that the abundance of DMCs in neuronal 

genes in females may be an adaptive change which mitigates the effect of chronic Pb 

exposure on neuronal growth and differentiation in early developmental years in females. 

Additionally, some of these adaptive DNA methylation changes were also observed in genes 

associated with response to oxidative stress. For example, we saw an increase in gene body 

DNA methylation of LONP1 (Table 2 & Figure 4C). LONP1 has been implicated in 

breakdown of 5-aminolevulinic acid synthase enzyme in the mitochondrial outer membrane 

[61]. This is an interesting observation, as Pb is a potent inhibitor of ALAD and increases 

the concentration of 5-aminolevulinic acid (ALA) which can produce ROS [4]. As increase 

in gene body methylation is associated with increased expression of a gene [62], it is 

possible that this is indirect evidence of an adaptive methylation change, working to reduce 

the synthesis of ALA and consequent generation of ROS only in females, and might be a 

mechanism for resistance to Pb exposure in females.

It is important to note this study has a few limitations. First, this is a pilot study to define 

gene regions which might be potential epigenetic biomarkers of early Pb exposure and can 

be used for future studies. Second, for the gene ontology studies we used only known genes 

in the human genome. This does have a significant effect on the P value of the inferred GO 

association. So to make sure that reported gene ontology associations are biologically 

relevant we manually curated the literature for correlation between individual gene function 

and reported gene-ontology categories. We found that for our dataset, GOstats is accurately 
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able to assign genes to a broad category of gene ontologies which qualitatively defines the 

possible biological processes being affected by early life Pb exposure.

Conclusion

In this study, we show that modeling Pb exposure associated changes in DNA methylation 

as coregulated [30], gender-specific methylation clusters provide interesting correlations 

which warrant further investigation. We also show that these epigenetic changes are 

observable in DNA extracted from minimally invasive blood collections such as DBS and 

can serve as an excellent tool for epidemiological studies.

We believe that early life Pb exposure can alter the process of dynamic regulation of DNA 

methylation via affecting the DNA demethylation pathway. The standard application of the 

HM450K array is unable to differentiate between 5 mC and the major DNA demethylation 

by-product 5-hydroxymethylcytosine (5 hmC) [63]. Therefore, for future studies, we will 

utilize the identified gender-specfic and gene-independent candidate regions from this study 

and test the ratio of 5 mC to 5 hmC, using established PCR-based detection methods for a 

much larger cohort [64,65].

Future perspective

Currently, the majority of genome-wide epigenetic studies are heavily reliant on next-

generation DNA-sequencing-based techniques. However, in recent years, there has been a 

concerted effort in the development of third-generation DNA-sequencing-based platforms 

which use nanopores and ion-current changes for sequencing the DNA (e.g., the Oxford 

Nanopore Minion™ [Oxford, UK]). Third-generation DNA sequences approaches should be 

considerably less expensive and will make epigenetic studies in larger human cohorts more 

affordable and accessible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

• Differences in the DNA methylation profile during early human development 

can be measured in dried blood spots (DBS) collected from the children by 

finger stabs.

• Single nucleotide differences in DNA methylation in autosomal genes between 

males and females might cause difference in epigenetic susceptibility to lead 

(Pb) exposure.

• Pb exposure-associated changes in clusters of correlated and adjacent 5 mC sites 

are sexually dimorphic and can be divided into three subtypes: conserved, male-

specific and female-specific.

• Blood spots from females show significantly higher numbers of differentially 

methylated clusters (DMCs) than males.

• Pb-dependent DNA methylation changes in females appear to be adaptive and 

protective in nature.

• Conserved regions show increase in DNA methylation around the transcription 

start site of Leptin (LEP), which is associated with the control of body mass.

• Increase in gene body DNA methylation of Lon-Peptidase 1 (LONP1) is an 

adaptive modification seen in females but not in males.

• Candidate genes from this study will be explored further as biomarkers of early 

Pb exposure in future studies in larger cohorts.

Sen et al. Page 17

Epigenomics. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Methylation profiles of DNA extracted from whole blood for male and female children 
are different from each other
(A) T-plot of single CpG sites between expected and observed methylation differences 

which showed significant association with sex of the infant. (B) Volcano plot for significant 

association between methylation and gender. There were 456 differentially methylated CpG 

sites at a FDR corrected P value cutoff of 0.05 and beta difference cut-off ≥ ∣0.02∣ or ∣2%∣. 

(C) The representative University of California, Santa Cruz genome browser plot for the 

GPX1 gene showing a ~6% increase in DNA methylation around the promoter region. The 

delta beta value was calculated by subtracting the mean of β values for cases with high BLL 

samples (≥5 μg/dl) from the mean of β values for controls (BLL ≤ 5μg/dl). All analyses were 

controlled for potential confounders such as age of the child, gestational age, smoking status 

of the mothers or immediate family and blood lead levels (BLL).
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Figure 2. Lead causes common and gender-specific changes in DNA methylation
The Pb-associated differentially methylated clusters (Pb-associated DMCs) selected for 

further analysis are screened by FDR cut off of 0.05 and effect size ≥∣0.02∣ or ∣2%∣ (A) A-

clustering results for conserved region revealed 75 hyper-methylated Pb-associated DMCs 

and 41 hypo-methylated Pb-associated DMCs mapping to 76 unique genes associated with 

Pb exposure as predicted by the GEE model. (B) For an effect size cutoff of ∣0.02∣ or ∣2%∣, 

and FDR corrected P value ≤ 0.05, we found 94 Pb-associated hyper-methylated and Pb-

associated 59 hypo-methylated regions mapping to 124 unique genes for males. (C) 
Analysis results for unique regions in females revealed 200 hyper-methylated and 74 hypo-

methylated regions mapping to 201 unique genes.
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Figure 3. The representative University of California, Santa Cruz genome browser plot for 
candidate genes
The delta beta value was calculated by subtracting the mean of β values for cases with high 

BLL samples (≥5 μg/dl) from the mean of β values for controls (BLL ≤ 5 μg/dl). The 

resulting delta beta was mapped to genome to visualize the estimated changes in methylation 

in UCSC genome browser for regions mapping to differentially methylated clusters 

(DMCs). The position of CpG Island is also shown. (A) Representative figure for Vamp5 for 

DMCs conserved in both males and females. This DMC shows a ~3% increase in DNA 

methylation in the promoter associated region. (B) Representative figure for GABRG1 for a 

male-specific Pb-associated DMC. This Pb-associated DMC shows an ~8% decrease in 

DNA methylation around the transcription start site (TSS) of the gene. (C) Representative 

figure for HPCAL1 for a female-specific Pb-associated DMC. This Pb-associated DMC 

shows a ~3.8% decrease in DNA methylation in a promoter associated region.
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Figure 4. DNA methylations at nuclear encoded mitochondrial genes are affected by lead
The delta beta were calculated by subtracting the mean of β values for cases with high BLL 

samples (≥5 μg/dl) from the mean of β values for controls (BLL ≤ 5 μg/dl). Highlighted 

regions correspond to the probes mapping to DMCs. The position of the CpG Island is also 

shown. (A) Representative figure for ETFA for a Pb-associated DMC conserved in both 

males and females. This DMC shows a ~4.6% increase in DNA methylation in a promoter 

associated region. (B) Representative figure for MRPS25 for a male-specific Pb-associated 

DMC. This Pb-associated DMC shows a ~6% decrease in DNA methylation in a promoter 

associated region. (C) Representative figure for LONP1 for a female-specific Pb-associated 

DMC. This Pb-associated DMC shows a ~5% decrease around the transcription start site 

(TSS) of the gene.
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Table 1

Single nucleotide differences in DNA methylation between females and males as estimated by fixed effect 

model.

CpG site Gene Promoter
associated

CpG island Effect size Standard error P value Holm.sig FDR

cg22584138 SLC6A4 No chr17:28562387-
28563186

0.074 0.012 3.91E-07 FALSE 0.001

cg04555966 GCK No chr7:44185961-
44186184

0.037 0.007 5.65E-06 FALSE 0.0089

cg09933329 GCK No chr7:44185961-
44186184

0.056 0.012 4.9E-05 FALSE 0.041

cg03314840 PKLR No chr1:155264318-
155265536

0.053 0.011 3.93E-05 FALSE 0.0357

cg12177922 HAX1 Yes chr1:154244710-
154245289

0.052 0.007 1.06E-08 TRUE 5.44E-05

cg21763723 GPX1 Yes chr3:49394855-
49395942

0.042 0.009 2.62E-05 FALSE 0.027

cg25187648 GPX1 Yes chr3:49394855-
49395942

0.054 0.007 1.38E-08 TRUE 6.88E-05

cg11924019 CYP1A1 No chr15:75018186-
75019336

0.053 0.011 5.6E-05 FALSE 0.0448

cg02891686 SOD3 No chr4:24801109-
24801902

0.045 0.009 8.5E-06 FALSE 0.0123

cg11304734 POLR1E Yes chr9:37485801-
37486099

0.045 0.009 1.47E-05 FALSE 0.0182

cg14268223 DNAJA1 Yes chr9:33025082-
33025797

−0.047 0.009 2.06E-05 FALSE 0.0237

cg13479204 HOXB3 No chr17:46641534-
46642110

−0.082 0.016 1.2E-05 FALSE 0.0159

cg05323879 HOXB3 No chr17:46641534-
46642110

0.476 −0.071 2.39E-05 FALSE 0.0257

cg02325951 FOXN3 No chr14:89882421-
89884278

−0.062 0.007 9.55E-10 TRUE 7.23E-06

cg26355737 TFDP1 No chr13:114292551-
114292886

−0.034 0.006 6.91E-07 FALSE 0.00174

cg19292611 TFDP1 N0 chr13:114292551-
114292886

−0.023 0.004 4.24E-06 FALSE 0.00726

For the analysis, the females where used as experimental group and males as the control group. All analysis was controlled for covariates such as 
age of the child, gestational age of the mother, age of the mother, smoking status of the household and blood lead levels.

FDR: False discovery rate; Holm: Holm–Bonferroni statistical method.
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Table 2

Representative gene mapping to clusters which show a change in methylation of ≥∣2%∣ or ∣0.02∣, at a FDR 

cutoff of 0.05.

Region ID Gene CpG island Promoter
associated

Effect size Standard
error

P value FDR CpG sites/
cluster

Conserved VAMP5 chr2:85811340-
85811855

Yes 0.031 0.009 0.000839 0.0410 5

Conserved CAPN2 chr1:223936342-
223937044

Yes 0.024 0.005 5.94E-06 0.00174 3

Conserved PF4 chr4:74847528-
74847830

No 0.0933 0.0223 2.38E-05 0.00395 4

Conserved LEP chr7:127880750-
127881375

No 0.036 0.01 0.00045 0.0280 2

Conserved ETFA chr15:76603563-
76604026

Yes −0.046 0.013 0.000387 0.0258 2

Male-specific RUNX1 chr21:36258952-
36259472

No −0.084 0.025 0.00082 0.0373 5

Male-specific GABRG1 Non-CpG No −0.08 0.019 4.24E-05 0.00534 5

Male-specifc MRPS25 chr3:15106459-
15106971

Yes −0.064 0.020 0.00148 0.0497 2

Female-specific APP Non-CpG No 0.043 0.013 0.00131 0.0366 4

Female-specific LONP1 chr19:5690127-
5692213

No 0.038 0.012 0.00143 0.0391 2

Female-specific MTERFD2 chr2:242041543-
242042026

Yes 0.021 0.003 8.73E-10 5.43E-07 7

Female-specific HPCAL1 chr2:10442308-
10444509

Yes −0.055 0.017 0.00111 0.0323 2

Female-specific MAP3K6 chr1:27683277-
27683590

Yes 0.061 0.016 8.8E-05 0.00534 5

Female-specific HIF3A chr19:46800053-
46800603

No 0.06 0.019 0.00150 0.0405 2

Female-specific RUNX3 chr1:25255527-
25259005

No 0.045 0.012 0.00017 0.00859 2
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