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Summary 

Background: Exposure to environmental toxins during embryonic development may lead to 

epigenetic changes that influence disease risk in later life. Aflatoxin is a contaminant of 

staple foods in sub-Saharan Africa, is a known human liver carcinogen and has been 

associated with stunting in infants. 

Methods: We have measured aflatoxin exposure in 115 pregnant women in The Gambia and 

examined the DNA methylation status of white blood cells from their infants at two to eight 

months old (mean 3·6±0·9). Aflatoxin exposure in women was assessed using an ELISA 

method to measure aflatoxin albumin adducts in plasma taken at 1-16 weeks of pregnancy. 

Genome-wide DNA methylation of infant white blood cells was measured using the Illumina 

Infinium HumanMethylation450 beadchip.  

Results: AF-alb levels ranged from 3·9 to 458·4 pg/mg albumin. We found that aflatoxin 

exposure in the mothers was significantly associated to DNA methylation in their infants for 

71 CpG sites (FDR<0.05), with an average effect size of 1.7% change in methylation. 

Aflatoxin-associated differential methylation was observed in growth factor genes such as 

FGF12 and IGF1, and immune related genes such as CCL28, TLR2, and TGFBI. Moreover, 

one aflatoxin-associated methylation region (corresponding to the miR-4520b locus) was 

identified. 

Conclusions: This study shows that maternal exposure to aflatoxin during the early stages of 

pregnancy is associated with differential DNA methylation patterns of infants, including in 

genes related to growth and immune function. This reinforces the need for interventions to 

reduce aflatoxin exposure, especially during critical periods of foetal and infant development. 

Keywords: Aflatoxin, DNA methylation, in utero exposure 



3 
 

Introduction 

It has been proposed that changes to the epigenome during foetal development can contribute 

to disease susceptibility in adulthood.1,2 Critical developmental periods exist during which the 

foetus is sensitive to the environment and adapts accordingly to prepare for survival 

following birth.3 Additionally, the earliest point of embryogenesis is a time of marked 

epigenetic change wherein genome-wide demethylation of the oocyte and sperm genomes 

occurs, followed by de novo genome-wide and tissue-specific methylation.4 During this 

period, environmental exposures and stresses can influence the developing epigenome, 

causing life- long phenotypic alterations and potentially resulting in increased susceptibility to 

adult disease. Environmental exposure-specific patterns of DNA methylation could thus act 

as biomarkers with potential predictive and prognostic value. 

Aflatoxins are secondary metabolites produced by certain strains of Aspergillus fungi, and 

have been classified as a Group I carcinogen by the International Agency for Research on 

Cancer (IARC).5 Exposure to aflatoxins, of which aflatoxin B1 (AFB1) is the most common 

and most toxic, primarily occurs through the consumption of contaminated maize and 

groundnuts, which form the basis of staple diets in many low- and middle income countries 

(LMIC). Exposure to AFB1 can occur in utero given that the toxin can cross the placental 

barrier.6 Altered methylation at several genes has been observed in the context of AFB1 

exposure and liver cancer. Hypermethylation of the GSTP1 gene promoter has been 

associated with levels of AFB1 DNA adducts in hepatocellular carcinoma (HCC) tumour 

tissue in Taiwanese patients7 and RASSF1A hypermethylation has been associated with AFB1 

DNA adducts in HCC in SE China.8 Decreased LINE1 and SAT2 DNA methylation has been 

associated with aflatoxin exposure of both HCC patients and healthy adults in Taiwan.9   

In this report, we studied the consequences of early life exposure to aflatoxin at the DNA 

methylation level using a hypothesis- free genome-wide approach. The methylome-wide 
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analysis of infant’s DNA from a Gambian cohort reveals non-random differences in 

methylation related to early-life aflatoxin exposure. 
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Methods 

Sample selection and preparation 

Ethical approval was obtained from the joint Gambia Government/MRC Unit, The Gambia 

Ethics Committee. Pregnant women and later their infants were recruited in the West Kiang 

region of The Gambia; details of this cohort have been described.10–12 Pregnant women aged 

18–45y provided a blood sample at 1–16 weeks of pregnancy for biochemical analyses. Date 

of conception was estimated by an obstetric ultrasound examination at the point women 

booked for antenatal care. A total of 115 infants between 2–8 months of age (mean 3·6 ± SD 

0·9) provided a blood sample for DNA extraction. Only four of the children were over 6 

months old when blood was taken. 

Assessment of aflatoxin exposure 

Plasma derived from blood obtained from these women were analysed for aflatoxin-albumin 

adduct (AF-alb) levels by a competitive ELISA as described previously.10,13 Samples were 

analysed in triplicate, repeated on at least two separate days. Intra-assay coefficient of 

variation (CV) was < 15 % and inter-assay CV was ≤ 25 %. Three positive quality controls of 

different known AF-alb levels and one negative control were analysed with each batch of 

samples. AF-alb levels are presented with reference to the amount of albumin in the sample 

(i.e. pg AF-alb/mg albumin). The limit of detection for AF-alb was 0·6 pg/mg albumin. 

An aliquot (20 µl) from each plasma sample was taken to measure albumin levels using a 

commercial kit (Bio-quant, San Diego, CA, USA) based on the bromocresol green (BCG) 

method. 

Bisulfite conversion and DNA methylation assessment 



6 
 

Blood (3 ml) collected from the infants at 2-8 months of age was used for DNA extraction 

from white blood cells (WBC) as previously described.11 The extracted DNA (500 ng) was 

bisulfite modified using the EZ DNA Methylation kit (Zymo Research, D5001) following the 

manufacturer’s instructions for Illumina Infinium HumanMethylation450 (HM450) beadchip 

assay. Modified DNA was stored at -20˚C until needed. To quantify the percentage of 

methylated cytosine in individual CpG sites, we performed bisulfite pyrosequencing, as 

previously described.14 

Genome-wide methylation profiles were obtained using the HM450 Infinium methylation 

bead arrays (Illumina, San Diego, USA). Briefly the HM450 beadchip interrogates more than 

480,000 methylation sites.15 The analysis on the bead array was conducted following the 

recommended protocols for amplification, labelling, hybridization and scanning. 

Bioinformatic analyses 

Data pre-processing and analysis was performed using R/Bioconductor packages. Data 

quality was assessed using boxplots for the distribution of methylated and unmethylated 

signals, and multidimensional scaling plots and unsupervised clustering were used to check 

for sample outliers. Quantile normalized data were used to infer blood cell subtypes based on 

Houseman’s regression calibration, as previously described.16,17 Cross-reactive probes, probes 

mapping to sex chromosomes, and probes overlapping with a known single nucleotide 

polymorphism (SNPs) with an allele frequency of at least 5% in the overall population (all 

ethnic groups) were also removed, as previously described.18 After background correction 

and colour-bias adjustment, type I and type II probe distributions were aligned using the 

intra-array beta-mixture quantile normalization from the watermelon package.19,20 The Beta-

value is the ratio of the methylated probe intensity and the overall intensity (sum of 

methylated and unmethylated probe intensities). Although Beta-values are widely used for 
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data interpretation, its logarithmic transformation (M-value) has been shown to perform 

better in some downstream analyses 21. The M-value was calculated as the log2 ratio of the 

intensities of methylated probe versus unmethylated probe. After batch correction (sva 

package),22 M-values were interrogated for association with aflatoxin exposure (AFB-

associated loci), by modelling the study variables and covariates (i.e. aflatoxin exposure, 

infant sex, and season of conception) together with latent surrogate variables in a linear 

regression using the limma package.23 In the initial analysis, aflatoxin exposure was studied 

as a categorical variable by dividing the samples into “Low” and “High” exposure groups, 

based on the median of 33·2 pg/mg as cut-off. For all further analyses, aflatoxin exposure 

data was used as a continuous variable. AFB-associated methylation sites (AfMSs) were 

selected based on a threshold for the adjusted P value (False Discovery Rate or FDR) of 0·05. 

For pathway/ontology analyses we performed a Bonferroni correction of the raw P values to 

adjust for the number of probes in the corresponding gene. Then, for each gene we selected 

the probe with the minimum Bonferroni-corrected P, and P values were further adjusted for 

the number of gene symbols on the array. Those genes with an FDR-adjusted P < 0.05 were 

taken for further pathway analyses, using the Enrichr gene list enrichment web tool.24 The 

bump hunting method (minfi package) was used to define AFB-associated regions using the 

recommended proximity-based criteria.25 An Aflatoxin-associated methylation region (AfMR) 

was defined by the presence of at least 2 differentially methylated CpG sites with a maximum 

gap of 500 bp.The data discussed in this publication have been deposited in NCBI's Gene 

Expression Omnibus and are accessible through GEO Series accession number GSE59592. 

 

Results 

Differential methylation associated with aflatoxin exposure in Gambian infants 
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A description of the infant samples and covariates is presented in Table 1, together with 

aflatoxin-albumin (AF-alb) adduct levels in maternal blood obtained during the first trimester 

of pregnancy (Figure 1a). DNA methylation data was available for 115 infants across 451041 

sites. In the initial analysis characterizing the effect of early life Low vs High aflatoxin 

exposure on the DNA methylome, no significant differential methylation was observed at 

FDR < 0·05. A selection of top CpG sites (lowest p values) with at least 3% difference in 

methylation between Low and High groups was correctly validated by pyrosequencing 

(Figure S1). 

In a second analysis, the association of both single- locus and regional DNA methylation with 

AF-alb modelled as a continuous variable was assessed, considering the continuous 

distribution of the AF-alb data (Figure 1a). Also in this analysis we tested the association 

between AF-alb adduct levels (n=115) and the methylation of 451041 cytosines. A set of 71 

CpG sites were significantly correlated with AF-alb (FDR < 0·05, R-squared = 0.88 and 

adjusted R-squared = 0.859 for the overall analysis), and were defined as aflatoxin-associated 

methylation sites (AfMSs) (Table 2). The average absolute difference across the 71 CpGs 

was 0.017 (1.7%), and a quantile-quantile plot suggests no systematic inflation of P values 

(Figure 1b). AfMSs were not enriched in specific chromosomal locations (Figure 1c) and 

their distribution in relation to genes and CpG islands (CGIs) followed the proportions of the 

total probe content of the methylation array, mapping to gene bodies and CGIs, respectively 

(Figure 1d). AfMSs correlated either positively or negatively with aflatoxin exposure (Figure 

1e and 1f). Results were similar when including additional covariates in the regression model 

(i.e. maternal age, maternal body mass index (BMI); data not shown). Similarly, a nalyses 

including age of sample collection as a covariate in the regression model yielded similar 

results (86 AfMSs, 62 of them in common with the first analysis). To rule out the possibility 

that results could be driven by few outliers with extreme DNA methylation values, we 
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performed several analyses after removing one or more samples. Removing up to 4 samples 

with extreme values for the top AfMSs reduced the statistical significance of the analyses, 

possibly due to the reduced sample size. However, the top significant loci remained 

essentially unchanged in all cases. Finally, region-level analyses showed only one aflatoxin-

associated methylation region (AfMR) (adjusted p value < 0·05) containing 5 informative 

CpG sites at the microRNA hsa-miR-4520B locus. 

Importantly, aflatoxin-associated loci included growth factors genes such as FGF12 and 

IGF1, and immune related genes such as CCL28, TLR2, and TGFBI. In addition, AfMSs 

included three sites within the TRNA-YW (Wybutosine) Synthesizing Homolog gene TYW3 

locus. However, performing pathway/ontology analysis in HM450 data may result in 

spurious associations due to the unbalanced representation of probes for different genes 

within the array.26 To overcome this issue, we adjusted for the number of probes per gene 

symbol and selected only those genes with at least one significant CpG site below the FDR-

ajusted P value threshold of 0.05 (see Methods). Using this strategy, we obtained 53 unique 

gene symbols for pathway analysis (out of 71 AfMSs on the original analysis). Significant 

pathways (FDR < 0.05 and containing at least 3 genes from the list) included microRNA 186 

(miR-186) using TargetScan (targeting 5 genes from the list: RFWD2, PAN3, CLDN1, 

RNF11 and CXXC5), the Transcription Factor Protein-Protein Interactions Vitamin D 

Receptor (ZBTB16, CXXC5, and PRKCSH), the GEO Kinase perturbations term Anaplastic 

Lymphoma Receptor tyrosine kinase (ALK) (25 targets found), the GO positive regulation of 

Ras GTPase activity (GO:0032320) (SERGEF, DOCK2, TBC1D28), and the Human 

Phenotype Ontology term Hyperbilirubinemia (HK1, PRKCSH, SPTB). 

Leukocyte-adjusted methylome analyses 
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DNA methylation is frequently tissue- and cell-type specific, and analyses may therefore be 

confounded in samples containing multiple cell types. DNA methylation at loci known to be 

differentially methylated across cell types have been used to quantify multiple cell types in 

complex mixtures.27 Using this recently available algorithm we found no differences in the 

inferred proportions of six cell subtypes (B cells, NK cells, monocytes, CD8 T cells, CD4 T 

cells, and granulocytes), when comparing the two categories of aflatoxin exposure “Low” and 

“High” (Figure 2a). However, correlation analyses showed that increasing maternal exposure 

to aflatoxin significantly correlated with a reduced proportion of CD8 T cells (P= 0·0419, 

Spearman= -0·19) and an increased percentage of granulocytes (P= 0·0423, Spearman= 

0·189) (Figure 2b). Therefore, to rule out a confounding effect of cell subtypes on the 

aflatoxin-methylation analysis, the inferred proportion of the six cell subtypes was included 

in a new regression model to test for AfMSs. Ninety-one AfMSs were obtained with an 

FDR<0·05, out of which 67 were present in the 71 CpG list when cell subtypes were not 

included in the model. 

The inferred differences in blood cell subpopulations may be the result of biological effects 

of aflatoxin exposure. However, differential methylation associated with aflatoxin exposure 

does not seem to be highly influenced by the proportion of cell subpopulations. 

 

Discussion 

DNA methylation is one type of epigenetic marker that may be modulated by interaction with 

environmental factors. Here we have shown for the first time that dietary exposure of 

pregnant women to aflatoxin is associated with genome-wide DNA methylation in the WBC 

of their infants. 
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Hypermethylation of specific genes has been observed in a number of human tumours, and is 

a mechanism by which genes such as tumour suppressor genes may be inactivated during 

carcinogenesis.28 There is increasing evidence that exposure to environmental toxins results 

in altered DNA methylation in not only tumours but in a range of normal tissues as well.29 

Where this occurs following exposure in utero, it is possible that changes may be linked to 

subsequent adverse health outcomes,2 although to date human studies have been few.   

As well as being a known liver carcinogen, aflatoxin has been associated with child growth 

impairment,30,31 including from exposure that occurred in utero.6 The mechanism by which 

aflatoxin exerts its effects on child growth is not clear, but epigenetic changes occurring 

during embryonic development could play a role. The women and children who took part in 

this study live in a region of Gambia where, as in many other regions in Africa, aflatoxin 

exposure is prevalent due to the fungal contamination of staple crops such as groundnuts.10 

As a result, children are exposed to aflatoxin throughout their childhood and later life, and it 

is likely that exposure in utero contributes to health impacts in childhood and later. In a 

population such as this where groundnut consumption is a staple part of the diet, individual 

exposure to aflatoxin depends largely on the levels of contamination of the groundnuts rather 

than variation in groundnut consumption (with aflatoxin being heterogeneously distributed in 

groundnuts).  

Aflatoxin exposure in the pregnant women was assessed using the well-validated AF-alb 

biomarker in blood, which provides a reliable method for measuring differences in aflatoxin 

exposure.32 As albumin has a serum half life of about 20 days, measuring AF-alb integrates 

exposure that has occurred over a period of time prior to the sampling, which reduces any 

error associated with assessing exposure during early pregnancy from single sampling.  
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Methylation at 71 CpG sites was significantly correlated with aflatoxin exposure. Fifty-two 

of the 71 sites are located in annotated genes, including a number that are involved in the 

immune response or the inflammatory response (eg TLR2 and CCL28). This is of interest 

because compromised defences against infection have been hypothesised as one explanation 

for how aflatoxin exposure leads to growth inhibition.33  The aflatoxin-related differences in 

absolute DNA methylation were typically small. For the 71 AfMPs we compared the mean of 

DNA methylation between those subjects not exposed (<10 pg/mg AF-albumin) and those 

highly exposed (>100 pg/mg AF-albumin). The average absolute difference across the 71 

CpGs was 0.017 (1.7%). The biological relevance of this small change in methylation is not 

known. However, this is similar to what has been reported in other population-based studies 

using healthy subjects. For example, it was recently shown that DNA methylation of 353 

CpG sites is able to predict chronological age with remarkable accuracy, even though the 

absolute difference across all CpG sites was only 0·032.34 Although there are a number of 

reports on small significant differences in methylation, especially on population-based 

studies, the biological relevance of these small differences is uncertain. Until replication and 

further validation can be done, we only rely on biological plausibility to evaluate possible 

functional relevance.  

Previous studies have shown that environmental exposures including dietary folate, smoking 

and constituents of air pollution are associated with altered DNA methylation profiles in 

WBC.35–37 In the population studied here, season of conception has previously been shown to 

influence methylation of metastable epialleles in WBC of children,11 but season of 

conception was not a confounder for the aflatoxin-associated levels of genome-wide DNA 

methylation observed here.  The influence of environmental exposures on DNA methylation 

during pregnancy has been explored in a number of recent methylome-wide studies. 

Cadmium exposure during pregnancy in a cohort of women from a polluted region of 
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Bangladesh was associated with DNA methylation differences in cord blood, with sex-

specific levels of DNA methylation being observed.38 Cadmium related  DNA methylation 

was also associated with lower birth weight. Koestler et al39 found an association between 

maternal arsenic exposure during pregnancy and differences in DNA methylation measured 

in cord blood of infants from New Hampshire, USA. Cigarette smoking during pregnancy has 

also been demonstrated to alter DNA methylation in specific loci.37 Interestingly, changes in 

DNA methylation in cord blood that were associated with pre-pregnancy BMI of the mothers 

have been found to persist in DNA of children at age 3 years,41 so such changes can be long 

lasting, with the potential for long-term effects. Most recently, exposure to arsenic during 

early pregnancy has been found to be associated with decreased methylation in cord blood, 

with a sex-specific pattern being observed in that study as decreased methylation was more 

pronounced in boys.42  Whilst exposure to aflatoxin has been shown to be associated with 

LINE1 and SAT2 methylation in adults,9 our methylome-wide study has shown that exposure 

to aflatoxin at a critical period during early development modulates DNA methylation in a set 

of protein coding genes and is the first time that exposure to aflatoxin has been associated 

with DNA methylation differences in children. Although we cannot rule out that blood DNA 

methylation was influenced by additional exposures during post-natal life, most samples in 

our study were collected before the children were 6 months old, and before this age aflatoxin 

exposure is known to be very low.31 Other limitations of our study include the possibility of 

false positive results, the cellular complexity inherent to blood samples, and the small 

magnitude of the differences in DNA methylation. Therefore, replication in a larger cohort 

will be necessary to further validate an association between DNA methylation and aflatoxin 

exposure. 

In summary, aflatoxin exposure during pregnancy associates to differential methylation in 

infant’s DNA at specific loci. Our findings that exposure to aflatoxin in utero is associated 
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with  DNA methylation patterns across a number of genes at age 2–8 months may be relevant 

to the mechanism of aflatoxin-related child stunting, or liver cancer in later life. These 

biological effects suggest potential avenues for research into the mechanism by which 

aflatoxin influences child growth and other health outcomes. 
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Tables 

Table 1: Characteristics of study participants  

 High aflatoxin exposure group Low aflatoxin exposure group Total 

 N. Mean ± SD (min-max) N. Mean ± SD (min-max) N. Mean ± SD (min-max) 

Male % (total number of 

infants) 

47.2% (55) 56·7% (60) 52.1% (115) 

Age (months) 51 3.7 ± 1.0 (2·1–7·3) 56 3·5 ± 0.7 (2.6–7·9) 107
a
 3·6 ± 0·9 (2·1–7.9) 

Maternal BMI (kg/m
2
) 55 21·0 ± 3·1 (15·3–33·9) 60 20·6 ± 3·00 (15·1–30·1) 115 20·8 ±3·0 (15·1–33·9) 

Maternal age (years) 55 28.9 ± 6·46 (17·9–43·1) 60 29.21 ± 6·9 (17·5–45·5) 115 29·1 ± 6·7 (17·5–45·5) 

AF-alb (pg/mg albumin) 

Dry season (November to 

May)
b
 

30 75·83 (58·75, 97·89) 27 13·85 (11·29, 16·99)** 57 34·36 (26·05, 45·32) 

AF-alb (pg/mg albumin) 

Rainy season (June to 

October)
a
 

25 78·96 (60·85, 102·46) 33 18·20 (15·44, 21·46)** 58 35·23 (27·76, 44·70) 

a child age was missing from eight datasets  

b AF-alb adduct levels presented as geometric means with 95% confidence intervals (95% CI) in parentheses.  

 

** P < 0·001 for means between adjacent groups  
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Table 2: Aflatoxin-associated methylation sites (AfMSs) in all infants.  

                

TargetID 
nearest 

Gene 
logFC 

P 

value 
FDR 

distance to 

gene (bp) 
Description 

No. probes 

in HM450 

  

cg16035199 ODF3L2 0.008 7E-09 8E-04 0 
outer dense fiber of sperm tails 3-
like 2 

22 

cg12251659 KDM2B 0.0131 2E-09 8E-04 0 
lysine (K)-specific demethylase 
2B 

82 

cg12940473 TLR2 -0.007 2E-08 0.001 0 toll-like receptor 2 12 

cg24402300 EPS8L1 -0.01 1E-08 8E-04 0 EPS8-like 1 22 

cg11482794 TGFBI -0.008 1E-08 8E-04 0 
transforming growth factor, beta-
induced, 68kDa 

22 

cg03521258 LSR -0.009 2E-08 0.001 611 
lipolysis stimulated lipoprotein 
receptor 

14 

cg16209795 FGF12 -0.008 7E-09 8E-04 0 fibroblast growth factor 12 52 

cg09524880 PRKCSH -0.003 6E-08 0.002 0 protein kinase C substrate 80K-H 6 

cg26855724 CRYZ 0.0036 4E-07 0.008 0 
crystallin, zeta (quinone 

reductase) 
1 

cg24881229 TAF1D -0.006 5E-07 0.008 0 

TATA box binding protein 

(TBP)-associated factor, RNA 
polymerase I, D, 41kDa 

1 

cg19499998 SLC22A2 -0.003 2E-08 0.001 249 
solute carrier family 22 (organic 
cation transporter), member 2 

21 

cg00121533 TYW3 0.0039 3E-07 0.007 0 
tRNA-yW synthesizing protein 3 
homolog (S. cerevisiae) 

2 

cg16779839 BAHCC1 0.0125 6E-09 8E-04 0 
BAH domain and coiled-coil 
containing 1 

112 

cg02115904 CCDC90B -0.007 5E-08 0.002 0 
coiled-coil domain containing 

90B 
15 

cg10832470 CBY3 -0.006 8E-08 0.003 267 chibby homolog 3 (Drosophila) 9 

cg21963925 CACNA1H 0.0064 1E-08 8E-04 0 
calcium channel, voltage-
dependent, T type, alpha 1H 
subunit  

162 

cg14154441 PAN3 0.0084 3E-07 0.007 0 
PAN3 poly(A) specific 
ribonuclease subunit  

9 

cg09563228 GAL 0.0062 2E-07 0.005 9846 galanin/GMAP prepropeptide 14 

cg23581186 KRTAP21-2 -0.004 4E-06 0.034 0 keratin associated protein 21-2 1 

cg21240861 DNAJB6 -0.006 5E-08 0.002 56 
DnaJ (Hsp40) homolog, 

subfamily B, member 6 
89 

cg21535942 TYW3 0.0022 3E-06 0.026 0 
tRNA-yW synthesizing protein 3 

homolog (S. cerevisiae) 
2 

cg10091686 LOC729732 0.0023 6E-06 0.045 0 unknown unknown 

cg21919136 CLDN1 0.0023 6E-07 0.009 7 claudin 1 13 

cg00063979 CXXC5 -0.006 2E-07 0.004 12605 CXXC finger protein 5 50 

cg21796825 TMEM5 -0.002 5E-07 0.008 0 transmembrane protein 5 15 

cg04767522 KIF13A 0.0094 2E-07 0.005 0 kinesin family member 13A 37 

cg26064460 TCEA3 0.0099 5E-07 0.008 3625 
transcription elongation factor A 
(SII), 3 

19 

cg25741192 RFWD2 0.0042 6E-07 0.009 550 
ring finger and WD repeat domain 
2, E3 ubiquitin protein ligase 

16 

cg26889819 PLEKHG4B -0.005 2E-07 0.005 0 
pleckstrin homology domain 
containing, family G (with 
RhoGef domain) member 4B 

47 

cg20540566 TTPA -0.006 8E-07 0.01 0 tocopherol (alpha) transfer protein 14 

cg02570501 ZNF107 0.0091 8E-07 0.01 952 zinc finger protein 107 14 

cg05419696 CYB5D1 -0.005 6E-06 0.043 0 
cytochrome b5 domain containing 
1 

2 

cg17325789 EBF3 0.0037 8E-08 0.003 1040 early B-cell factor 3 162 
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cg10752421 SLC7A1 0.0047 4E-07 0.008 0 
solute carrier family 7 (cationic 
amino acid transporter, y+ 

system), member 1 

36 

cg05379509 SPTB -0.004 5E-07 0.008 0 spectrin, beta, erythrocytic 32 

cg11515089 TBC1D28 0.0087 3E-06 0.03 5792 TBC1 domain family, member 28 5 

cg07425780 GPRC5B 0.0037 8E-07 0.01 0 
G protein-coupled receptor, class 
C, group 5, member B 

21 

cg01733928 KCNK10 -0.013 4E-07 0.008 21052 
potassium channel, two pore 
domain subfamily K, member 10 

42 

cg15733917 LIMS1 -0.013 3E-06 0.03 115 
LIM and senescent cell antigen-
like domains 1 

7 

cg21536096 HAND2 0.0039 3E-06 0.029 29665 
heart and neural crest derivatives 
expressed 2 

10 

cg14294658 SERGEF -0.002 1E-06 0.012 0 
secretion regulating guanine 
nucleotide exchange factor 

38 

cg26321643 HES4 -0.003 3E-06 0.026 1361 
hes family bHLH transcription 
factor 4 

16 

cg06600936 ALPK3 -0.003 3E-06 0.026 0 alpha-kinase 3 17 

cg26680885 RNASET2 -0.004 4E-06 0.031 0 ribonuclease T2 13 

cg17079961 PRKAB2 -0.002 3E-06 0.03 239 
protein kinase, AMP-activated, 
beta 2 non-catalytic subunit  

15 

cg05151395 SLC25A35 0.0014 7E-06 0.045 0 
solute carrier family 25, member 

35 
8 

cg03784882 AMZ1 -0.003 1E-06 0.015 3174 
archaelysin family 
metallopeptidase 1 

41 

cg03474133 CCNI -0.003 4E-06 0.035 386 cyclin I 13 

cg15813673 ZBTB16 0.0059 1E-06 0.012 0 
zinc finger and BTB domain 

containing 16 
54 

cg04851471 DOCK2 -0.005 2E-06 0.022 0 dedicator of cytokinesis 2 32 

cg16527041 SPATA5 0.0057 4E-06 0.035 0 spermatogenesis associated 5 15 

cg00101118 RNF11 -0.004 5E-06 0.04 203 ring finger protein 11 14 

cg18199554 CCL28 0.0046 5E-06 0.038 0 chemokine (C-C motif) ligand 28 16 

cg01476003 ZNF23 0.0021 6E-06 0.043 21015 zinc finger protein 23 14 

cg01511465 MC1R 0.0054 7E-06 0.045 0 
melanocortin 1 receptor (alpha 
melanocyte stimulating hormone 
receptor) 

14 

cg05239504 HERPUD2 0.0053 5E-06 0.036 20898 HERPUD family member 2 23 

cg16001913 HK1 0.0029 2E-06 0.025 110 hexokinase 1 47 

cg23666856 TSSC1 -0.006 1E-06 0.012 0 
tumor suppressing subtransferable 
candidate 1 

118 

cg15241635 AGAP1 0.0029 6E-07 0.009 0 
ArfGAP with GTPase domain, 
ankyrin repeat and PH domain 1 

297 

cg02893344 GSE1 0.0032 2E-06 0.018 127758 Gse1 coiled-coil protein 121 

cg18395623 SCRN1 0.0027 7E-06 0.045 0 secernin 1 28 

cg04351541 KIF1A -0.002 4E-06 0.033 0 kinesin family member 1A 52 

cg05487269 FLYWCH1 -0.002 7E-06 0.045 0 FLYWCH-type zinc finger 1 34 

cg08005809 SCRIB 0.0048 6E-06 0.043 0 
scribbled planar cell polarity 
protein 

46 

cg16419361 AGAP3 0.0023 7E-06 0.047 0 
ArfGAP with GTPase domain, 

ankyrin repeat and PH domain 3 
54 

cg01248385 MCF2L 0.0057 2E-06 0.018 0 
MCF.2 cell line derived 

transforming sequence-like 
285 

cg02613818 IGF1R -0.008 7E-06 0.045 0 
insulin-like growth factor 1 

receptor 
132 

cg19547192 PTPRN2 -0.006 8E-07 0.01 0 
protein tyrosine phosphatase, 
receptor type, N polypeptide 2 

1210 

cg09848638 PRKAR1B -0.003 5E-06 0.04 0 
protein kinase, cAMP-dependent, 
regulatory, type I, beta 

205 

cg05361818 TNXB -0.004 6E-06 0.042 0 tenascin XB 509 

cg15689733 PTPRN2 0.002 3E-06 0.026 0 
protein tyrosine phosphatase, 
receptor type, N polypeptide 2 

1210 
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logFC: log2 fold change; FDR: false discovery rate; analysis adjusted for infant sex and season of conception; 

n=115. 
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Figure Legends 
 
Figure 1. Differential methylation associate d with early life exposure to aflatoxin. a. Distribution 

of aflatoxin  exposure during pregnancy in all mothers (left panel) or accord ing to the infant’s sex (right 
panel). b. Quantile-quantile plot of the p values after the association between DNA methylation and 

aflatoxin exposure (as a continuous variable). c. Manhattan plot to illustrate the distribution of p values 

across somatic chromosomes. d. Distribution of AfMSs relative to CpG islands (CGI) (i.e . islands, 

shores, shelves), and annotated genes (i.e. promoter [TSS], body, UTR, and 1st exon). Distribution of 

all HM450 probes is shown on the left panels for comparison. e. Heatmap of the 71 CpGs associated 

with in utero AFB1 exposure (AfMSs). Unsupervised dendrograms are shown for CpG sites and 

samples. Annotations in the lower panel illustrate the corresponding aflatoxin exposure and sex. f. 

Methylation correlations for a selection of AfMSs (beta values) and aflatoxin exposure (pg/mg of 

albumin). 

 

 

Figure 2. Distribution of inferred cell subpopulations. HM450 array data was used to infer the 

percentage of each of six different cell subpopulations, as described in Methods. a. Inferred data was 

plotted by aflatoxin exposure category (i.e. Low and High). b. Inferred data was also correlated to the 

absolute value of aflatoxin exposure, based on AF-alb, for each  of the six b lood cell subpopulations. 

Significant Pearson correlations (p<0·05) were observed for CD8T cells and Granulocytes. 

 

Figure S1. Pyrosequencing quantification of DNA methylation is shown for selected CpG sites, 

comparing Low vs. High aflatoxin in utero exposure. 

 
 
 

 
 

 


